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ABSTRACT 
Tyrosine kinase inhibitors (TKIs) are currently the first therapy option for chronic myeloid leukaemia 
(CML) and acute myeloid leukaemia (AML) patients. However, many patients affected by CML and 
AML may develop resistance to TKIs or may not recover under this treatment regime. New potential 
and more effective treatments are recently emerging. Heat shock protein inhibitors (HSPIs) and the 
proteasome inhibitor Bortezomib are drugs which have been yet to be successfully tested on 
leukemic patients, despite being successful on other malignancies such as multiple myeloma (MM). 
The combination between HSPIs and Bortezomib could potentially be successful in killing leukemic 
cells, by enhancing their respective molecular mechanisms. Indeed, HSPIs would bind to HSP72 
avoiding the protein to exert its ligase function to the proteasome, whilst Bortezomib could stop the 
ubiquitinated proteins to enter the proteasome and ultimately inducing apoptosis. To test the 
effects of such combination, cell viability was measured via MTS assay, apoptosis levels were tested 
through Annexin V\PI assays. Involvement of HSP72 and pro-survival protein Bcl-2 were measured 
via flow-cytometry. The cells were administered with HSPIs and Bortezomib first as single agents for 
24 hours, to establish working minimal concentration. Also, the drugs were tested for a shorter time, 
to understand when the drugs start to be effective. It emerged that one hour is sufficient for the 
drugs to give an initial effect in terms of cell viability and apoptosis. Following, combination 
experiments of HSPIs and Bortezomib were performed; the first drug was administered for one hour, 
the second following one hour and the cells were incubated for 24 hours. This was repeated 
alternatively for both type of drugs on the different cell lines. MTS and Annexin V\PI showed that 
there is not a synergistic effect between drugs, but instead there is antagonism. No necrosis was 
found at any level of the study. The cells were then probed for HSP72 and Bcl-2, to investigate their 
involvement in apoptosis mechanisms. Following 6 hours of combined and single agent treatment, 
both type of drugs inhibit HSP72 but failed to reduce the expression of Bcl-2, particularly on AML 
cells. It is thus proposed that CML and AML cells may die by apoptosis following a short time of 
treatment with HSPIs and Bortezomib by an extrinsic pathway of apoptosis, independent from Bcl-2 
involvement and from mitochondrial pathway of apoptosis. This study may be the first to indicate a 
potential use of HSPIs and Bortezomib on CML and AML patients for a short time of treatment, 
although not in combination. Future studies are needed to further investigate the mechanisms of 
action of these drugs, aiming to potentially give CML and AML patients another successful therapy 
option to overcome resistance to canonic chemotherapy.  
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CHAPTER 1: INTRODUCTION 
 
1.1 Leukaemia incidence and mortality  
 
Leukaemia is a progressive malignant disease with high incidence and the low survival rates. 
According to the World Health Organization, childhood leukaemia is the most common form of 
cancer within children; for example, the incidence in the United States is 1.6 per 100.000 population. 
It has also been classified as one of the 15 top cancers in adults for mortality (Kampen K.R., 2012). 
Like for almost all types of cancer (excluding prostate and ovarian cancer for obvious reasons), the 
incidence and mortality are higher in men than female populations. Particularly, the incidence of 
leukaemia in men populations is of 5.6 % and the relative mortality is of 4.2 %; the incidence in 
women populations, instead, is of 2.7 % and 3.3 % respectively, as shown on Fig.1.1.1. and Fig.1.1.2. 
The data are considered as Age Standardised Rate (ASR), therefore they are for all ages (World 
Health Organisation, 2012 and Bhayat F. et al, 2009). The reason of the difference in incidence is not 
still completely known; a study by (Jackson et al., 1999) suggested the presence of a mutated gene 
near the location of the ABO gene on chromosome 9. The percentage of this mutation was found 
superior in males with AML than on females with AML; however, this could not be considered a 
definite proof and needs further investigation (Jackson et al., 1999). 
  
Fig. 1.1.1. The incidence and mortality in men worldwide populations of the most common types 
of cancer, including leukaemia (retrieved from Globocan, 2012).   
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Fig. 1.1.2. The incidence and mortality in women worldwide populations of the most common 
types of cancer, including leukaemia (retrieved from Globocan, 2012).  
 
With respect of UK, Leukaemia is the 8th most common cancer for men and the 9th for women; the 
incidence and mortality are higher for both sexes compared to the worldwide populations. Men 
incidence and mortality are 9.3 % and 4.1 %; women statistics are 5.8 % and 2.4 %, as shown in the 
graphs below (Fig.1.1.3. and Fig.1.1.4.).  
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Fig. 1.1.3. The incidence and mortality in men UK populations of the most common types of 
cancer, including leukaemia (retrieved from Globocan, 2012).   
 
  
Fig. 1.1.4. The incidence and mortality in women UK populations of the most common types of 
cancer, including leukaemia (retrieved from Globocan, 2012).   
 5 
1.2 Haematopoiesis  
 
Haematopoiesis is the process that allows blood cells to form from haematopoietic stem cells (HSC) 
in the bone marrow. One of the key characteristic of HSC is their ability to self-renew, guaranteeing a 
constant production; a bone marrow of a healthy adult produces 10 11new blood cells every day. The 
formation of new cells is asymmetric and it starts from progenitor cells which differentiate 
developing two distinct cell lineages: myeloid lineage and lymphoid lineage (Jagannathan-Bogdan, 
M., & Zon, L. I., 2013) Through further differentiation, the myeloid and lymphoid stem progenitors 
gradually form the mature blood cells which are erythrocytes, megakaryocytes and myeloblasts for 
the myeloid lineage; B and T lymphocytes belong to the lymphoid lineage, instead. Megakaryocytes 
are responsible of the production of platelets, which are fundamental for the homeostasis. 
Monocytes, eosinophils, neutrophils and basophils derive from myeloblasts. Fig. 1.2.1. sums 
schematically the haematopoiesis (Ho M.S., et al., 2015).   
 
Fig.1.2.1. Haematopoiesis scheme. All blood cells come from a common progenitor, which is the 
multipotent stem cell (MSC); this stem cell subsequently is divided into common myeloid progenitor 
(CMP) and common lymphoid progenitor (CLP). From these two, the myeloid and lymphoid lineage 
will be originated. CMP originates erythrocytes, which produces megakaryocytes. Platelets are 
therefore produced by megakaryocytes. CMP is also responsible of the production of mast cells, 
which originate myeloblasts. Basophils, eosinophils, neutrophils and monocytes belong to the 
myeloblasts family. Monocytes will transform in macrophages. NK cells and lymphoblasts belong to 
lymphoid lineage originated from CLP. Moreover, lymphoblasts could divide into lymphocyte T and 
lymphocyte B, which could mature into plasma cells (adapted from Ho M.S., et al., 2015 and from 
Jagannathan-Bogdan, M., & Zon, L. I., 2013) 
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1.3. Leukaemia: molecular pathology and treatment  
 
Leukaemia, as a broad definition, is generally known as the “blood cancer”; within the disease, there 
are different types of leukaemia, which share common features and are different from many 
aspects. The four main types of leukaemia are:  
 Chronic Myeloid Leukaemia (CML)  
 Acute Myeloid Leukaemia (AML)  
 Chronic Lymphoblastic Leukaemia (CLL)  
 Acute Lymphocytic Leukaemia (ALL)   
The term “chronic” refers to a persistent condition, whilst “myeloid” describes the cell lineage 
involved. Similarly, “acute” stands for a more severe and rapid course of the disease; “lympho” 
indicates that the lymphocytes are majorly involved (Colvin G. A. and Elfenbein G. J., 2003). In the 
below sections, causes of CML and AML are further analysed, given their importante on this thesis. 
Also, other characteristics such as signs, symptoms and molecular diagnosis are shortly described, 
for all the types of leukaemia.  
 
1.3.1. Causes of Chronic Myeloid Leukaemia (CML) and Acute Myeloid Leukaemia (AML) 
 
It is a common misconception to attribute a single common cause to Leukaemia; although the 
different types of Leukaemia have many similar features, they have different causes. With respect of 
Chronic Myeloid Leukaemia (CML), it is believed that a genetic chromosomic mutation is involved in 
the occurring of the disease. In 1960, Newell and Hungerford discovered an abnormal small 
chromosome in the leukocytes from CML patients; this unusual chromosome was not present on 
normal leukocytes. The newly discovered chromosome was called Philadelphia chromosome 
because of the location of where Newell and Hungerford were working. Several years following the 
first identification, it was possible to determine that the Philadelphia chromosome was the result of 
a reciprocal translocation between chromosomes 9 and 22 (q34; q11); consequently, the genes 
Abelson (ABL) and break-point cluster (BCR) were fused (Koretzky G.A., 2007). Thus, the product is a 
mutated protein, BCR-ABL, that is deeply involved in the altered hematopoiesis.  Other cytogenetic 
abnormalities could occur, following the course of the disease; some of them could also lead to 
treatment resistance, which is constantly object of research and studies (Hanlon, K. & Copland, M, 
2017). Fig. 1.3.1.1. shows how the Philadelphia chromosome is formed.  
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Fig. 1.3.1.1. The creation of Philadelphia chromosome. After a chromosomes break, the genes BCR 
and ABL merge together forming a small mutated chromosome and, therefore, an oncoprotein 
(adapted from www.cancer.gov).  
 
AML has an important genetic cause too; one third of the patients diagnosed with AML has a 
modified gene called FLT3. Within the FLT3 gene, three different mutations have been discovered. 
The most common mutation is FLT3\ITD, which affects around 20 % of the patients with FLT3 
mutation. The genetic modification causes an exponential cell growth, following the constitutive 
activation of the tyrosine kinase domain. Less frequent are FLT3\TKD mutations and mutations on 
the juxtamembrane domain (Kayser S. and Levis M.J., 2014).  A study by Schnittger S. et al, (2002) 
screened 1003 patients with AML to further investigate the frequency of FLT3 mutation; the length 
mutation was found on 234 patients (23 %), resulting to be the most frequent of the aberrant 
mutations. Another study by Kiyoi H. et al. (1999) has individuated 43 patients with FLT3 mutation in 
a cohort of 201; interestingly, 25 patients presented the N-RAS gene mutation, which is a secondary 
genetic cause of AML. Indeed, although less frequent than FLT3 mutation, patients with N-RAS 
showed to have lower complete remission than patients with FLT3; therefore, the knowledge of 
which type of mutation an AML patient has could be an important prognostic marker and could play 
an important role in the treatment.  
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1.3.2. Chronic Myeloid Leukaemia: signs, symptoms and molecular diagnosis  
 
The main symptoms and signs could be fatigue, the loss of weight, splenomegaly, leukocytosis, 
severe anaemia, bleeding, purpura and thrombocytosis (Faderl S., et al., 1999). After a mild chronic 
phase, about 85 % of patients with CML has a progression to an accelerated and more severe phase. 
Accelerated phase generally leads to the finale stage of the disease which is called blast crisis; it 
normally arrives to this stage within 6 months (Druker B.J. et al, 2001). A main feature of the 
accelerated phase is the presence of 15-30 % of blasts in marrow or peripheral blood. Also, the 
thrombocytopenia must be less than 100 × 109/L, referring to platelet counts (Talpaz M. et al, 2002).  
A DNA analysis through PCR technique is one of the main investigation that aims to diagnose CML; 
the eventual presence of a Philadelphia chromosome indicates a very high risk of having the disease. 
Also, full blood count and bone marrow biopsy have shown to be important in the diagnosis process, 
particularly in investigating the severity of angiogenesis in patients (Aguayo A. et al, 2000).  
 
1.3.3. Acute Myeloid Leukaemia: signs, symptoms and molecular diagnosis   
 
Similarly to CML, there is a strong genetic component in the causes of AML; a frequent chromosome 
abnormalities on FLT3 and KIT genes are considered one the most relevant causes of the disease. 
The prognostic relevance of FLT3 mutation has been evaluated in several studies; for example, 
Whitman et al. have found FLT3 mutated gene in 23 patients out of 82 (28%). The samples taken into 
consideration were bone marrow samples and they had normal cytogenetics structures (Whitman 
S.P. et al, 2001). FLT3 mutations could be of two types: a tandem duplication or a point mutation. 
The tandem duplication occurs near the juxtamembrane domain of the receptor (FLT3\ITD mutation) 
and they are present in the majority of the cases. Instead, the point mutation is less frequent (7 % of 
the patients) and it is located within the activation loop of the tyrosine kinase domains (FLT3\TKD). 
Having two different kind of mutations lead to different biological and clinical effects, also due to 
different mechanisms of activation. The juxtamembrane region where FLT3\ITD is found, has a 
constitutive and aberrant signalling mechanism caused by its autoregolatory function; therefore, 
duplicate of tyrosine residues could be added. This could possibly result in more severe prognosis 
(Levis M., 2013). In order to diagnose and to treat the AML patients, classifications of AML sub-types 
have been made. The most consulted are the World Health Organization (WHO) and the French-
American-British (FAB) ones; WHO have differentiated the sub-types considering the difference in 
chromosomal abnormalities, whilst the FAB consider the type of cell and the maturity stage at the 
moment of the diagnosis. Table 1.3.3.1. indicates the lists according to the two main classifications.    
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SUB-TYPE 
ACCORDING TO 
W.H.O. 
MAIN 
CHARACTERISTIC 
SUB-TYPE ACCORDING 
TO F.A.B. 
MAIN CHARACTERISTIC 
Acute myeloid 
leukemia with 
recurrent genetic 
abnormalities  
 
 
Mutations on 
RUNX1-RUNX1T1 or 
CBFB-MYH11. 
M0: Myeloblastic 
without differentiation 
 
Minimal differentiation, 
agranular blasts 
AML with 
myelodysplasia-
related changes  
 
Presence of 50% or 
more dysplastic cells 
M1: Myeloblastic with 
little or no maturation 
 
Frequent basophilic 
cytoplasm, minimal 
differentiation, blasts are 
less than 10 % 
Therapy-related 
myeloid 
neoplasms  
 
Development of 
neoplasms following 
cytoxic therapy 
M2: Myeloblastic with 
maturation 
 
Frequent basophilic 
cytoplasm, start of 
differentiation: 
promyelocites\myelocytes 
Myeloid sarcoma  
 
Relapse from AML or 
progression of prior 
MDS 
M3: Promyelocytic 
 
Large granuoles, Auer 
rods 
Myeloid 
proliferations 
related to Down 
syndrome 
Transient 
abnormal 
myelopoiesis, 
mutation on GATA1 
gene and on JAK-
STAT 
M4: Myelomonocytic Abundant cytoplasm, one 
or more nucleoli, lacy 
chromatin 
Blastic 
plasmacytoid 
dendritic cell 
neoplasm 
Clonal proliferation 
of plasmacytoid 
monocytes 
M4eo: Myelomonocytic 
with eosinophils 
 
Abundant cytoplasm, one 
or more nucleoli, lacy 
chromatin, increase in 
eosinophils number 
AML not otherwise 
categorized  
 
Less than 20 % of 
blasts in the bone 
marrow 
M5a: Monocytic 
without differentiation 
(monoblastic)  
 
Rough circular nucleus, 
lacy chromatin, abundant 
cytoplasm,  
  M5b: Monocytic with 
differentiation 
 
More convolute nucleus, 
metachromatic granules 
  M6: Erythroleukemic 
 
Erythrocytes with 
multinuclei, cytoplasmic 
buds, cytoplasmic 
pseudopods.  
  M7: Megakaryocytic  
 
Medium to large sized 
megakaryoblasts with 
round nucleus, agrunalar 
cytoplasm, similarity to 
lymphoblasts 
 
Table 1.3.3.1. List of sub-types of AML according to WHO and FAB classification.  
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Grouping the sub-types is enormously important for the diagnosis and the subsequent treatment, 
although some treatment is in common between various sub-types. The treatment will be further 
described on section 1.6.  
To diagnose AML, the presence of Auer rods it is incredibly helpful. Auer rods are cylindrical 
crystallized granules of lysosome material visible in a patient smear. Their presence it is a common 
feature of immature myeloblasts, so it is more likely to find them in the first stages of the disease 
(e.g. M0 to M4) (Mohamed, M., Dun, K., & Grabek, J., 2013). Fig.1.3.4.1. shows the presence of Auer 
rods on an AML smear.  
 
 
 
 
  
Fig 1.3.3.1. Auer rods in an AML smear. The image clearly shows the formation of granules and, 
mostly, the presence of Auer rods in the cytoplasm of an immature leukocyte (retrieved from 
www.hematologyoutlines.com)  
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1.3.4. Chronic Lymphoblastic Leukaemia  
 
CLL, also known as chronic lymphocytic leukaemia, is the most common type of leukaemia. It affects, 
as the name suggests, the lymphocytic B cells. To determine the occurrence of CLL, the number of 
leukaemic cells must be more than 5000 in a uL of blood; also, the cells must have a specific 
expression of CD19+, CD5+, CD23+ (Weistner A., 2015).  B cells are activated also through the 
recruitment of T cells, which causes the development of memory B cells. With respect of genetic 
abnormalities, the presence of a mutation on genes V and the expression of CD38 and ZAP-70 
intracellular signal protein could help with the treatment options; it has been demonstrated that the 
CLL cases with a poor level of mutations on V genes and with a high expression of CD38 and ZAP-70 
has a much aggressive and often fatal outcome. On the contrary, patients with mutated V genes and 
few cells expressing CD38 and ZAP-70 had a milder disease progression (Oscier D.G., et al., 2000 and 
Chiorazzi, et al, 2005., and Ferrarini, M., M.D, 2005). CLL seems one of the most curable type of 
leukaemia, according to (Hallek M. et al., 2010). After treating CLL patients with a consolidate 
treatment options named FCR (fludarabine, cyclophosphamide and rituximab), the complete 
remission was found on 72 % patients; also, the survival rate was more than five years after 
treatment (Hallek M.et al, 2010 & Thompson P.A. et al, 2016).  
 
1.3.5. Acute lymphocytic leukaemia  
 
ALL is a type of leukaemia that affects mostly children and\or young people. According to statistic 
data, about 60 % of the patients is younger than 20 years; therefore, this type is also known as 
Childhood acute lymphocytic leukaemia. ALL has a high rate of survival; in a study among 21.626 
patients in US, 83.7 % had a 5 years survival rate (Hunger S.P et al, 2012). Studies on ALL 
pathobiology have highlighted several chromosomal abnormalities; most of the cases have 
hyperdiploid mutations on chromosomes 4, 6, 10, 14, 17, 18, and 21 (Inaba, H., Greaves, M., and 
Mullighan, C. G., 2013). Cytogenetic analysis helps the detection of chromosomal abnormalities; 
after decades of studies, it is possible to determine that the most common mutations happen on 
TEL-AML1, MLL-AF4, E2A-PBX and, interestingly, also on BCR-ABL genes. After a RT-PCR analysis, 
(Pakakasama, S., et al., 2008) declared that 25.4 % of patients on their studies resulted with a TEL-
AML1 mutation, suggesting that it is the most common chromosome abnormality in ALL among 65 
cases considerated (Pakakasama, S., et al., 2008). Fig.1.3.6.1. shows a blood smear of an ALL patient.  
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Fig. 1.3.5.1.  A blood smear of an ALL patient. The lymphocytes vary in size and they show an 
abundant presence of cytoplasmic vacuoles, an important feature of acute leukaemia (retrieved 
from www.pathpedia.com)  
With respect of treatment, it is normally divided into three major steps that are remission-induction 
therapy, consolidation and continuation (Inaba, H., et al., 2013). During the first phase, prednisone 
and dexhamethasone are widely used showing promising results (Pui, C. H., et al., 2012). The 
therapy then is consolidated with methotrexate, vincristine and imatinib (if the patient has a BCR-
ABL protein activated); the re-induction therapy could last up to 5-7 months and the drugs are 
administered weekly. This step is significant mostly because it aims to eliminate the residual 
leukaemic cells (de Labarthe A. et al, 2007 and Stanulla M. and Schrappe M., 2009). The 
consolidation therapy, as final step, could last up to 2 years from the start of the therapy. 
Dexamethasone is normally administered, together with mercaptopurine which is preferred to 
tioguanine, a similar but less efficient drug. Considering that about 20 % of patients of ALL will have 
a relapse, the consolidation therapy becomes extremely important (Coustain-Smith E. et al, 2000).   
 
To summarize the difference in genetic mutations and abnormalities which may cause different 
types of leukaemia, a table has been drawn (Table 1.3.5.1.).  
 
TYPES OF LEUKAEMIA MUTATED GENES 
CML BCR-ABL 
AML FLT3, KIT 
CLL GENE V 
ALL TEL-AML1, MLL-AF4, E2A-PBX 
 
Table 1.3.5.1. Summary of genetic abnormalities for all the types of leukaemia.  
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1.4. Cell death 
 
Cell death is a natural and fundamental step in cell life; at the end of their life spans or due to internal 
injury, the cells need to choose how they could die. Their destiny is strictly regulated and it could occur 
in many ways, which are separate and distinct in respect of different pathways and morphology. The 
recognised types of cell death that will be discussed in the thesis are apoptosis and necrosis.  
 
 1.4.1. Apoptosis 
The death of a cell could occur in several ways and with different mechanisms; one of them is 
apoptosis or programmed cell death. At the end of their lifespan or to maintain homeostasis, cells 
could undergo apoptosis, which suggests that it is a normal process related to aging and cell 
development. Apoptosis could occur also after cell damages or in response of signals induced by the 
immune system (Elmore S., 2007). The cells that undergo apoptosis are characterized by an initial 
shrinkage which results in a condensed chromatin, which is possible to clearly distinguish at the 
electronic microscope. The apoptotic cells have a rounded shape and they are also morphologically 
featured by separated cell fragments extruded by the cell by an event called budding; the cell 
fragments, also called apoptotic bodies will be phagocytized by macrophages (Saraste A. and Pulkki 
K., 1999). These can be also considered as early apoptotic cells; also, cells could go into a late apoptosis 
state. If a cell has an impairment of phagocytosis, the cell membrane becomes more permeable and 
the cells go into a state which is often wrongly considered similar to necrosis. Indeed, the late 
apoptosis cells releases a permeabilized cell-derived factor outside the membrane which is not found 
on necrotic cells, for example Poon, I. K. H., Hulett, M. D., & Parish, C. R. (2010). This is recognized by 
the macrophages which will engulf the cell. Early apoptosis is distinguished into two main types which 
have separate pathways; there is an extrinsic and intrinsic pathway.  
 
Intrinsic pathway: following stimuli such as hypoxia and radiation, the mitochondria membrane 
releases pro-apoptotic proteins into the membrane. In the p53 section, the role of mitochondria in 
apoptosis is described. Here, it seemed appropriate to describe the role of caspases in apoptosis. 
Caspases play an important role in maintaining homeostasis by regulating inflammation and, of 
course, apoptosis. Particularly, they are commonly divided as initiator caspases (caspase-8 and -9) 
and executioner caspases (caspase-3, -6, and -7), according to their role. Cytochrome- c is released 
from mitochondria following a stress signal and Apaf-1 binds to it; the nucleotide deoxy-ATP binds to 
Apaf-1 binding site, causing a conformational change that induces the enzyme CARD to bind. This 
enzyme is responsible for the recruitment of pro-caspase 9. In total, seven Apf-1 monomers are 
assembled together with cytochrome c and pro-caspase 9 they form a protein complex called 
“apoptosome” which activates caspase 9 (Cain K., Bratton S.B., Cohen G.M., 2002). The following step 
is the activation of caspase 3, 6 and 7 which is the trigger for the membrane shrinking and the 
apoptosis. The caspase 3 activation is helped by mitochondrial proteins Smac\DIABLO, which block 
the inhibitor of apoptosis proteins (IAPs), allowing the correct continuation of the apoptotic process 
(Fulda S. and Debatin K.M., 2006 and Elmore S., 2007). Section 1.21. further describes this pathway 
and p53 activity.   
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Extrinsic pathway: Differently from the intrinsic pathway, there is no mitochondria involving. Extrinsic 
pathway begins with ligand binding to death receptors such as Tumour Necrosis Factor (TNF), TNF-
Related Apoptosis-Inducing Ligand (TRAIL) and FASL (Fas ligand); the signal cascade continues with the 
binding to the receptor cytoplasmic domain of adapter proteins FADD, TRADD and RIP (Ashkenazi, A., 
2008). Pro-caspase 8 is then activated, stimulating the formation of Death-Inducing Signaling Complex 
(DISC). At this stage, caspase 8 is active and this allows the recruitment of pro-caspase 3 and the start 
of the apoptotic process mentioned above (Fulda S. and Debatin K.M., 2006 and Elmore S., 2007).  
 
1.4.2. Necrosis  
 
Contrary to apoptosis, necrosis is not considered an organised form of cell death; the causes of 
necrosis have a more traumatic, toxic or inflammatory origin. One of the main feature of necrotic cells 
is the swollen morphology, which then leads to the formation of blebs; the following event, called 
pyknosis, is the shrinkage of chromatin in the nucleus. The following event is the fragmentation of the 
nucleus, also known as karyorrhexis. The destiny of the nucleus is then to dissolve in the cytoplasm. 
Necrosis can be caused by multiple component of the immune system, such as macrophages and the 
complement system. Also, pathogens and toxins play a role in the induction of necrosis (Fink, S. L., & 
Cookson, B. T., 2005). However, recent studies seem to demonstrate that necrosis is indeed regulated, 
due to the presence of kinase cascades that normally feature apoptotic processes. Also, the anti-
apoptotic proteins such as Bcl-2, HSP are equally effective in necrosis. Inflammation and necrosis are 
strictly linked, in fact necrosis stimulates a host inflammation response caused by the release into the 
extracellular space from the nucleus of nuclear factors such as HMGB1 (Rock K.L. and Kono H., 2008). 
The effects of necrosis are toxic and dangerous for healthy cells; the release of chromatin or toxic 
material may affect healthy cells near to the necrotic cells, expanding the area of necrosis. With 
respect of cancer, an excess of necrosis due to toxic treatment worsen the condition over stimulating 
the inflammatory process (Proskuryakov S.Y. and Gabai V.L., 2010). A study by Scaffidi P., Misteli T. 
and Bianchi M.E., (2002) demonstrated that necrotic cells release a protein called High mobility group 
1 (HMGB1), which acts as a chromatin binding factor in the nucleus. The release of HMGB1 strongly 
induces inflammation; indeed, this protein is also produced by macrophages and activated monocytes 
and could affect neighbour cells. Apoptotic cells do not release this protein and cytotoxic material in 
case of cell death, not resulting toxic for the human body. For this reason, the therapy must be as 
selective as possible and it should aim to induce apoptosis to cells, in order to not affect normal and 
healthy cells of patients as it could happen in case of necrosis. 
 
1.5. Targeted therapy  
 
In the last decades a new therapy option has successfully emerged, showing constant and increasing 
results: the targeted therapy (TT). As the name may suggest, this option aims to be extremely 
specific and effective to a target, which is a tumour cell or a molecule vital for the development of 
the disease (Sledge Jr, G. W., 2005). The TT also attempts to eliminate the issue relative to a not 
selective action of chemotherapy, where in fact every cell, regardless of their clinical importance, are 
killed. However, chemotherapy is still a strong therapeutic option nowadays and it is often combined 
with TT in all the types of cancer (Flaherty K.T., 2006 and Gampenrieder S.Pet al., 2013).  
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There are two main different approaches with respect of TT: direct and indirect approaches. A direct 
approach aims to alter and damage the tumour proliferation through the monoclonal antibodies or 
small molecules (e.g. Tyrosine kinases inhibitors); these drugs bind to specific targets involved in the 
tumour proliferation and development. The indirect approaches, instead, are based on a “homing” 
action; the drugs (mostly a monoclonal antibody) bind to specific receptors on the antigen surface, 
penetrating in the cancer cell (Schrama, D., et al., 2006). There are different families of drugs that 
belong to the TT option. The drugs used in this study belong all to the direct approach; particularly, 
they are small molecules that enter the cell and disrupt their activity causing cell death. Instead a 
monoclonal antibody could interact with a receptor on the surface of the cell, causing a cascade of 
events that leads to apoptosis. Therefore, although the aim is the same (cell death), how this is 
accomplished is different. In leukaemia, especially for CML patients, the most effective and widely 
used monoclonal antibody is Imatinib; its mechanism of action is described on section 1.6.1. The 
mechanisms of the drug used for this study are also described in the following sections.   
 
1.5. Current treatment guidelines for CML and AML  
Currently, the available treatments may vary according to the type of leukaemia or the stage of the 
disease. Generally, the guidelines provided by the NICE (National Institute for health and Care 
Excellence), suggest the administration of tyrosine kinase inhibitors such as Imatinib, Dasatinib, 
Bosutinib, Nolutinib and Ponatinib for patients with CML. Imatinib is the first drug ever developed to 
specifically target the BCR-ABL gene; the others are of second generation; therefore these drugs are 
used only if Imatinib has not given effective results or the patients have developed resistance to 
Imatinib (Sanford D., et al., 2015 and Bitencourt R. et al, 2011). With respect to AML patients, stem 
cells transplant is the first option suggested by NICE; however, if patients are not eligible for such 
therapy, the first recommended drug is azacytidine. Indeed, it seems that Imatinib, for example is 
not effective on AML patients (Cortes J. et al, 2003 and Burchert A. et al, 2005).  
However, there are patients who may not be eligible either for stem cells transplant or maybe who 
are resistant to canonic treatments. Therefore, this gap of new potential therapies could be met by 
the use of other alternative drugs, which may target different proteins than BCR-ABL or FLT3, on 
CML and AML respectively. Some of the new potential therapy options have been tested and the 
results have been shown on this thesis. The following paragraphs describe the mechanism of action 
of Imatinib and the new potential therapy options tested on this thesis.  
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1.6. Tyrosine Kinase Inhibitors (TKI)  
 
TKI is a family of drug which aims to inhibit the tyrosine kinases action. Tyrosine kinases are enzymes 
with a crucial role in signal transmission, due to their ability to phosphorylate residues through ATP. 
As a consequence, tyrosine kinase could be intended as an “on and off” switching enzyme (Paul, M. 
K., & Mukhopadhyay, A. K., 2004). A tyrosine kinase receptor has a high affinity to several ligands, 
such as cytokines and growth factors; once the ligand has bound to the receptor, the cytoplasmatic 
region transfer a phosphate to the tyrosine residues through the donor, an ATP molecule. Therefore, 
binding sites are made for signalling proteins having Src homology-2 (SH2) and protein tyrosine 
binding (PTB) domains; the signalling cascade which will lead to proliferation and cell survival could 
start (Hubbard, S. R., & Miller, W. T., 2007). In normal conditions, the kinases are strictly regulated; 
in case of a mutation event, such as the BCR-ABL protein, the phosphorylation activity is modified 
and incredibly enhanced. Thus, TKI have been developed and launched on the market, gaining an 
incredible and effective success as a new and, nowadays, consolidate therapy option together with 
chemotherapy (Arora A. and Scholar E.M., 2005).  
 
1.6.1. IMATINIB  
 
The first TKI available on market in 2001 was Imatinib (Gleevec). It had a revolutionary effect on the 
current (at that time) therapies and it is still widely used today as a monotherapy or in combination 
with other drugs (Deininger M., Buchdunger E. and Druker B.J., 2005 & Chalandon Y. et al, 2015). 
The mechanism of action of the drug has a switch on\off concept, given by his high affinity for the 
tyrosine residues on the cytosolic part of the tyrosine receptor. As mentioned previously, ATP binds 
to the receptor in order to phosphorylate the substrate; Imatinib occupies the ATP binding site on 
the BCR\ABL protein, preventing the phosphorylation and, therefore, the start of the cell 
proliferation (Fig.1.6.1.1.). Also, the inhibition of the kinase stimulates its entry in the nucleus, where 
all its antiapoptotic features are repressed.  
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Fig 1.6.1.1. Imatinib mechanism of action: in the upper part it is described how the phosphorylation 
happens in leukemic cells, in which the substrate binds to the protein leading to cell proliferation. 
The second part of the figure shows how Imatinib binds to the ATP sites, avoiding the substrate to 
start its signalling pathway (adapted from Deininger M., et al., 2005 & Chalandon Y. et al, 2015).  
 
 18 
Imatinib has shown an initial incredible enthusiasm due to its effectiveness in vitro and in vivo on 
patients with Philadelphia chromosome positive following its launch on market (Sawyers C.L. et al, 
2002). Indeed, one of the cell line used in this thesis (K562) carries the mutated BCR-ABL gene, main 
cause of CML. Imatinib has been successfully used as treatment not only on leukaemia patients, but 
also on cases with different tumours, such as gastrointestinal stromal tumours and nephrogenic 
systemic fibrosis (Huse D.M., et al., 2007 & Kay J. and High W.A., 2008). Despite its enormous 
success, Imatinib it is not effective on every patient; in the years following the first encouraging 
results, several studies highlighted cases of resistance to the first TKI. The resistance is caused by 
genetic mutations on the BCR-ABL kinase domains. For example, (Shah et al., 2002) have found that 
on 29 of 32 patients (90 %) with Imatinib resistance had mutations on the kinase domains (Shah 
N.P., et al., 2002). Also, Imatinib seemed to not be particularly effective during blast crisis, despite 
comforting results on the initial phases of the disease (Goss V.L. et al., 2006). K562 cells represent a 
patient on blast crisis (as further explained on Chapter 2.3.1.); U937 cells, instead, do not express 
BCR-ABL gene, but seemed to be resistant to Imatinib therapy (Goss V.L. et al., 2006 and Hakansson 
P. et al, 2004). Thus, new therapies are needed to overcome drug resistance and potentially give 
CML and AML patients another therapeutic option to Imatinib; sections 1.9. and 1.14. show some of 
the new potential therapeutic options for such patients.   
 
1.7. The proteasome  
 
A protein, before becoming active and reaching its target, needs to be “checked” by some structures 
in the cell; this event consists in the elimination and degradation of damaged or unneeded cells. A 
proteasome is a multisubunit complex enzyme that plays an important role in this respect. Not all the 
proteins are destined to be degraded, of course. The misfolded or damaged proteins will enter the 
proteasome complex only if they have ubiquitin, which is a small protein that is attached to the 
unneeded protein in order to be recognized by the proteasome complex (Adams J., 2003). The series 
of event that lead to the attachment of ubiquitin is the ubiquitination. The protein targeted is 
recognised by a series of enzymes called E1, E2 and E3; E1 transfers the ubiquitin molecule to E2 which 
binds to E3 and carries ubiquitin to the protein that needs to be recognised by the proteasome. The 
proteasome complex is also called 26S and it is formed by two subunits, 19S and a central 20S; when 
the ubiquinated protein enters the proteasome complex, 19S is responsible of breaking the bind 
between ubiquitin and the protein. Subsequentially, the protein is degraded and the ubiquitin could 
be re-used for another ubiquitination process (Crawford L.J., Walker B. and Irvine A.E., 2011).  
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Fig.1.7.1. The ubiquitin-proteasome pathway. Ubiquitin is carried by E1 and E2, which binds to E3 to 
release Ubiquitin to the protein substrate. The protein faces degradation entering the proteasome 
complex, composed by a central 20S subunit and two 19S subunits. The ubiquitin molecule is then 
released to be available for other ubiquitination processes (adapted from Crawford L.J., et al., 2011 
and Ben-Neriah, Y., 2002).  
 
1.8. Proteasome Inhibitors  
 
In leukemic patients, the proteasome activity is altered causing an uncontrolled survival rate and 
spread. The proteasome inhibitors (PIs) aim to induce apoptosis by targeting the protein involved in 
cell growth and leading them to degradation through different mechanisms; one of these is the 
blockage of the NF-κB pathway that has a crucial role in cell viability (Adams J. et al, 1999). Some 
studies strengthen the importance of PIs in leukaemia treatment; in fact, there is a strong relation 
between the sensitivity to PIs in leukemic stem cells rather than hematopoietic stem cells as suggested 
by (Crawford L.J. et al, 2009). Also, it has been demonstrated that the proteasome catalytic activity is 
higher in CML bone marrow cells than control cells, suggesting the importance of PIs in disrupting 
proliferation cell signalling pathways (Crawford L.J. et al, 2009).  
 
1.9. Bortezomib 
 
Bortezomib was first created for Multiple Myeloma patients, reaching interesting results as a single 
agent therapy, particularly in not previously treated cases (Richardson P.G. et al, 2009); the 
combination with dexhamethasone is also effective and it seems to be a successful option in many 
studies and trials (Jagannath S. et al, 2005 & Harousseau J.L. et al, 2010). Bortezomib targets mainly 
NF-κB pathway, which is a crucial target for the proteasome. IκB is an inhibitory protein which 
regulates NF-κB by blocking p50 heterodimer to be translocated into the nucleus. Bortezomib inhibits 
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the 19S subunit, avoiding the inhibitory protein to be degraded and, thus, interrupting the anti-
apoptosis cascade in the nucleus. It also has a role in inhibiting angiogenesis and chemotaxis. 
Moreover, normal cells are less sensible to proapoptotic effects therefore they can rapidly repair their 
proteasome activity in presence of Bortezomib (Hideshima T. et al., 2011). However, some evidence 
is emerging showing that Bortezomib may not inhibit NF- Κb, but it activates it by down-regulating 
IκB-α expression in multiple myeloma cell lines and patients. This was demonstrated by the inhibition 
of IKK-β after treatment with MLN120B (Hideshima T. et al, 2009). As previously mentioned, 
Bortezomib is a widely used treatment in multiple myeloma; however, Bortezomib mechanism of 
action is not completely clear in myeloid lineages. It has been speculated that Bortezomib could induce 
apoptosis in AML cells by degrading TRAF6 protein, which belongs to TNF-α family of proteins. The 
degradation seems to happen through the autophagic induced activity of Bortezomib, which was 
confirmed by the addition of an autophagy inhibitor, 3-methyladenine (3-MA) to AML cells which then 
improved the cell viability levels by restoring TRAF6 protein expression (Fang J. et al, 2012). K562 cells 
and U937 cells seem to express mutated TRAF6 protein, among other mutated proteins (Wu Y.H. et 
al., 2018 and Quaranta M.T. et al., 2015). Also, it seems that Bortezomib may disrupt the pathway that 
involves NF-κB and that has as a final target the transactivation of KIT, a tyrosine kinase inhibitor. By 
modulation of SP1 expression and therefore NF-κB (p65), FLT3 is up-regulated. With respect of CML, 
bortezomib was also tested in CD34+ cells from CML patients. Bortezomib demonstrated to cause 
apoptosis and inhibit proliferation of CD34+38−, long-term culture-initiating (LTC-IC) cells. 
Importantly, these patients were previously resistant to treatment including T315I, H396P and M351T 
(Heaney N.B. et al, 2010).  
 
Bortezomib is also involved in p53 regulation; p53 is deeply involved in cell apoptosis and its level is 
high after a DNA mutation. In case of proteasome disfunction, p53 accumulates into the nucleus, 
causing an anti-apoptosis effect and promoting cell survival. Indeed, pro-apoptosis proteins such as 
Bcl-2, Bax and Bak are reduced, causing p53 to not be released in the cytoplasm (Vaseva, A. V., & Moll, 
U. M., 2009). Further explanation on this mechanism is at Chapter 1.22. Bortezomib induces the 
rehabilitation of p53 levels and enhances the apoptosis pathway (Ling X., et al., 2010). Thus, 
understanding Bcl-2 involvement following treatment with Bortezomib may possibly improve the 
knowledge of the apoptosis processes and help understanding Bortezomib effectiveness in inducing 
apoptosis. Logically, Bcl-2 levels influence protein expressions downstream the apoptosis pathway; 
therefore it could be considered as a reliable end-point, as further expressed on Chapter 5.   
 
1.10. Other proteasome inhibitors 
 
Following Bortezomib development, other more advanced PIs have been manufactured. MG-132, for 
example is a synthetic PI used in vitro that induces apoptosis through the formation of reactive oxygen 
species (ROS) and Glutathione (GSH) reducted levels; due to the formation of ROS, the mitochondria 
membrane is depolarised and releases Cytochrome C. Thus, the oxidative stress is enhanced and the 
cell viability is compromised, leading to cell programmed death (Guo N. and Peng Z., 2012). There is 
not sufficient information in regards of MG-132 effects and efficiency, excluding the data that the 
manufacturers supply, further studies are therefore required.  
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Another PI available and successful in several studies is carfilzomib, which is a second-generation PI; 
Carfilzomib showed to be more specific than Bortezomib. The second generation drug is in fact 
irreversible and it has less chance to involve normal cells and normal functioning proteasome; 
Carfilzomib has an important effectiveness in patients that received prior unsuccessful therapy, such 
as Bortezomib or a stem cell transplantation (Stewart, A. K., 2015). With respect to Bortezomib on 
leukemic cell lines or CML patients, it does not seem to be particularly efficient; instead it showed 
relatively significant results if combined with dexamethasone, vincristine, pegylated asparaginase and 
doxorubicin on ALL patients (Messinger Y.H., et al., 2012). Therefore, further studies are required in 
order to determine the reason why Bortezomib is more reliable than second generations PIs with 
respect to CML patients. Also, further clarifications are needed in order to understand if Bortezomib 
is effective as a single agent or in combination with other treatment on CML patients, which is what 
this thesis also aims to prove.   
 
1.11. Heat Shock Proteins  
 
The process of folding a protein is fundamental for the life of any cell. The Heat Shock Proteins (HSPs) 
are deeply involved in the molecular mechanisms of folding and in the prevention of protein 
aggregation; they are also recruited in the ubiquitination and proteasome degradation processes. 
There are several known HSPs and they are classified and named according to their molecular mass or 
based on the protein that they encode (Calderwood S.K., et al., 2006). Therefore, for example, HSP70 
or HSP90 are encoding for a protein that has a 70 or 90 kd (kilodaltons). HSP are also called chaperone 
proteins, because of the role in helping the folding process of the protein. For the purpose of this 
thesis, HSP90 and HSP70 only will be described, due to the important role in cancer progression and 
in treatment options. HSP90 is expressed in all eukaryotic cells and HSP90 alpha and beta isoforms are 
the most abundant in human, also called HSPC1 and HSPC3 (Jego G., et al., 2013). With respect to its 
structure, HSP90 has three main domains: an ATPase N domain, a high affinity co-chaperone and client 
proteins region and a C- domain (Onuoha S.C., et al., 2008). ATP is vital for the correct functioning of 
HSPs; its binding allows the client protein to bind as well. ATP is then hydrolysed, causing a 
conformational change from “close” to “open”, so the client protein is correctly released. The 
regulation of HSPs occurs through more than 20 co-chaperones which generally could inhibit or 
enhance their activity by assisting the client protein loading or promoting the conformational change, 
respectively (Honga D.S., et al.,2013). In all HSPs, the role of ATP in its regulation and, mostly in its 
protein loading capacity, is fundamental. However, it is still not clear if ATP hydrolysis is responsible 
of the release of peptides from the “close” to “open” conformational state (Mahalka, A. K., et al.., 
2014). However, it is believed that the role of HSP70 as ATP dependent molecular chaperone is to help 
the process of folding of new proteins, to organize the multi-protein complexes and also to facilitate 
the transport the proteins across cellular membranes. HSP70 is composed by two separate domains: 
a peptide binding domain which is responsible for substrate binding and refolding, and the amino-
terminal ATPase domain. HSP70 has several co-chaperones that bind to it; one of them is HSP40, which 
co-stimulate the ATP activity of the protein. Also, another co-chaperone such as BAG-1 binds to HSP70 
which then regulates protein like Bcl-2 and RAF-1; the cascade continues with the production of ERK 
protein, responsible of cell growth and survival (Kliková K., et al., 2016). HSPs are abnormally 
expressed in leukaemia and, more generally, in haematological malignancies. Below are described the 
implications of HSP90 and HSP70 overexpression in leukaemia.   
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1.12. HSP90 
 
In cancer patients and, most specifically in leukaemia patients, HSP90 activity is inhibited leading to 
an ubiquitination process and the resulting degradation in the proteasome; therefore several 
oncoproteins targeted by HSP90 are overregulated (Flandin-Gresta et al., 2012). Automatically, HSP90 
has been studied in respect of cancer and leukaemia; the first studies and encouraging results led to 
the distribution of the first HSP90 inhibitor, geldanamycin (GA) (Jhaveri, K., et al., 2012). GA has shown 
to specifically bind to HSP90, degrading its client protein; moreover, it showed that it restores 
sensitivity to chemoterapic agents in resistant cell lines (Blagosklonny, M. V. et al, 2001).  In that 
respect, an interesting research indicated that GA has an important role in preventing the 
accumulation of p53 followed the administration of paclitaxel. Also, in a cell-type dependant manner, 
it triggers apoptosis by activating caspase-3 and caspase-9 in leukaemic cell lines, such as HL-60 and 
K562 (Nimmanapalli R, et al., 2001 & Blagosklonny M.V., 2002). Combination of GA are still object of 
several studies, aiming to further acquire knowledge on their role in cancer and leukaemia.  
 
1.13. HSP70 
 
Only recently, HSP70 has been indicated as a potential target for cancer cells; a high level of HSP70 is 
in fact considered a bad prognosis factor (Murphy M.E., 2013). Due to its role in protein homeostasis 
and in the development of cancer, it is interesting to understand HSP70 structure, because it could 
suggest how an HSP70 inhibitor binds to the protein, therefore exerting its activity. HSP70 is 
composed by three major domains: a ~10 kDa C-terminal, a ~15 kDa substrate binding domain and a 
~44 kDa N-terminal nucleotide binding domain. The latter one is the site where ATP binds and it is 
also the site for hydrolysis. The C-terminal works as a “lid”; when the ATP is not binding to HSP70, 
the lid is closed preventing any interaction with proteins (Schuermann J.P. et al, 2008). When the 
ATP binds to its specific site, a conformational change occurs, opening the lid and increasing the 
affinity for the substrate binding of a ~10-fold increase. The role of ATP is key in the control and in 
the function of HSP70, therefore in the understanding of HSP70 role in cancer (Patury S., et al., 
2009). Interestingly, the mitochondrial isoform of HSP70 has been named “mortalin” due to its over-
expression in colorectal, colon and breast cancer cells in mouse models (Dundas S.R., et al., 2005). A 
study by Pocaly M. et al, (2007), has demonstrated that over-expression of HSP70 can induce 
resistance to Imatinib on K562 cells and in CML patients, indicating an important role of HSP70 in the 
prognosis of CML. However, the role of HSP70 in cancer has not been fully analysed, it is hoped that 
this thesis could help improving the knowledge on HSP70 involvement with cancer. Some studies 
have confirmed the specificity of HSP90 inhibitors, such as 17-AAG, to the HSP90 complex, both in 
vivo and in vitro. This perhaps suggest that HSP90 could be used as a model for HSP70 specificity 
experiments, aiming to understand how HSP70 could show selective toxicity as HSP90 has shown to 
do (Banerji U., 2009 and Kamal A., et al., 2003).  Belonging to HSP70 family of proteins, the stress-
inducible form of HSP70 is known as HSP72 and it is over-expressed in tumours. In case of cellular 
stress, HSPA1A gene which codes for HSP72 is activated by binding of heat shock factor 1 (HSF-1) to 
heat shock elements (HSE), located upstream the regulatory regions of HSPA1A. This leads to the 
over-production of HSP72; on normal conditions, HSP72 levels are very low and HSF-1 does not bind 
to DNA (Daugaard M., et al., 2007). Importantly, although not always specified, this thesis always 
refers to HSP70 as per HSP72 protein, indicating abnormal conditions like in leukaemia. HSP72 has 
been found to bind to p53, inhibiting apoptosis and promoting cell survival. Depletion of HSP72, 
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instead, resulted in improved apoptosis in colon, prostate and breast cancer as demonstrated by 
(Nylandsted J. et al, 2000 and Gabai V.L. et al., 2005). It appears to protect different pro-apoptosis 
signalling pathways, such as caspase cascades and MAPK pathway, via JNK inhibition. Also, it 
interacts with Apaf-1, causing apoptosis suppression by blocking the caspase cascade; furthermore, 
it appears to inhibit caspase independent apoptosis by interacting with apoptosis-inducing factor.  
  
More interestingly, HSP70 inhibitors appeared to contrast other drugs effect when over-regulated, 
whether it seems to be more effective when it is downregulated (Jego G., et al., 2013). HSP72 binds 
and regulates BCR-ABL activity on K562 cells and in patients with CML blast crisis, has been found. The 
cell proliferation could be stimulated by upregulation of HSP72 and HSP90 through the control of BCR-
ABL tyrosine kinase is stimulated by HSP72 and in turn phosphorylates and activates Akt that 
inactivates Bad and caspase signalling cascade and phosphorylates STAT5. Phosphorylated STAT5 may 
be responsible of cell survival by enhancing the expression of anti-apoptotic protein Bcl-xL (Guo F. et 
al, 2005). However, when Imatinib is administered to leukemic cells, BCR-ABL and PI-3K are inhibited, 
restoring the HSP70 levels and inducing apoptosis. HSP72 has a strong connection with activation of 
mutant oncoproteins, such as c-Kit or FLT3-ITD, which are responsible of AML poor prognosis (Reikvam 
H. et al, 2012).  Also, HSP72 is expressed in other kind of cancer, as extensively demonstrated. High 
levels of HSP72 have been found on early hepatocellular and prostate cancer; also, in colorectal 
carcinoma and lung cancer (Murphy M.E., 2013). Surely, its role in cancer and in leukaemia is still not 
very well known; thus, HSP72 inhibitors and their effectiveness are more likely to be studied in the 
future, hoping to provide another therapy option for cancer patients.  
 
1.14. HEAT SHOCK PROTEIN INHIBITORS  
 
1.14.1. PIFITHRIN-µ 
 
Pifithrin-µ (Fig.1.14.1.) is a HSP70 inhibitor recently developed, which has a significant antileukemic 
activity; it selectively interacts with HSP72 inhibiting its chaperone activity. It causes cell cycle arrest 
and induces apoptosis in AML and ALL cell lines, in a dose-dependent manner. However, it seems to 
be not similarly effective in respect of CML cell lines and primary cells (Kaiser M. et al, 2011). It seems 
to be efficient against prostate cancer cells, by enhancing hyperthermia; although Pifithrin-µ could 
induce apoptosis as a single agent, it seems that the combination treatment with hyperthermia 
improve the effects of the drug. Particularly, it seems that the timing of the drug administration is 
critical. Pifithrin-µ administered immediately before a heat treatment appears to give the maximum 
effect; it could be speculated that this drug plays a protective role immediately after heat stress 
(Sekihara, K., et al., 2013). Also, the combination with cisplatin seems to induce apoptosis following 
72 hours of treatment. There seems to be a synergistic effect between the two treatments (Mc Keon 
A. M., et al, 2016).  Pifithrin-µ also binds to p53 by avoiding the interaction with anti-apoptotic proteins 
such as Bcl-xL and Bcl2 on the mitochondria membrane; as a result, caspase activation occurs and 
apoptosis process is triggered (Strom E. et al, 2006). Although the mechanism of the translocation of 
p53 into mitochondria is not completely clear, Pifithrin-µ seems to inhibit the translocation. 
Consequently, the mitochondria membrane restores its potential, avoiding the release of pro-survival 
factors. It has been speculated that Pifithrin-µ may be responsible of cell death via a not dependant 
caspase manner; it seems to bind to apoptosis-inducing factor (AIF), starting the apoptosis process by 
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not involving caspases. Further, Pifithrin-µ blocks the induced stabilization of lysosome membrane 
permaibility by binding to HSP70, reducing cell survival rates, a study demonstrated (Nylandsted J. et 
al, 2004). However, the importance and the effectiveness of Pifithrin-µ on leukaemia (particularly on 
CML) is yet to be completely clear, considering also the lack of literature available currently.   
 
                                           
Fig.1.14.1. A molecule of Pifithrin-µ. (retrieved from www.sigmaaldrich.com).  
 
1.14.2. PES-CL  
 
A molecular model revealed binding sites on HSP70 where Pifithrin-µ fails to bind, potentially limiting 
its effectiveness. Therefore, a derivate of Pifithrin-µ called PES-CL (2-(3-chlorophenyl) 
ethynesulfonamide), has been recently developed (Fig.1.14.2.). It has been demonstrated that it is 
more effective on cell viability (measured by MTS assay) than Pifithrin-µ on B-cell lymphoma mice, 
suggesting a potential therapeutic use on human; also, it targets and leads to inactivation of several 
HSP90 target proteins, similarly to Pifithrin-µ (Balaburski G.M. et al, 2013). PES-CL seems to be more 
efficient with respect of cytotoxicity of other 3 HSPI, as a study has been indicating; also it is interesting 
to note that the PES-CL dose which induces a loss of cell viability and induction to apoptosis is less 
high than the IC50 found on the other HSPI (Budina-Kolomets A., Balaburski G.M., Bondar A, Beeharry 
N, Yen T. and Murphy M.E., 2014). Similar to Pifithrin-µ, PES-CL molecular mechanisms and 
effectiveness on CML and more generally on leukaemia, are still not completely understood.  
 
 
                                               
Fig.1.14.2. A molecule of PES-CL (retrieved from www.merckmillipore.com).  
 
Following the description of the diseases and of the drugs, it is paramount to describe in depth the 
mechanism of the signalling cascades candidate to potentially be inhibited by the drugs above 
mentioned.  
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1.15. JAK 2 signalling pathway  
 
The oncoproteins play a fundamental role in the developing and in the synthesis of tumour cells and 
their exponential growth. Regarding BCR-ABL oncoprotein, it is paramount to understand that it is a 
protein that has tyrosine kinases effects and linked signalling pathways. One of the kinases majorly 
involved in the mechanisms of BCR-ABL signalling is the Janus Kinase 2 (JAK 2); through its 
regulation, BCR-ABL is able to induce leukaemia cells to survive and reproduce constantly. Jak 2 
physically binds the C terminal of BCR-ABL, although SH2 domain of BCR-ABL is responsible of the 
actual phosphorylation of JAK2 on tyrosine residue Y1007 which is required for Jak 2 activation (Xie 
S., et al, 2001). Importantly, Bortezomib appeared to inhibit Jak2 pathway in combination with 
JAK/STAT pathway inhibitor, called Ruxolitinib (de Oliveira, M. B., et al., 2016). The downstream of 
BCR-ABL is directly related to the interaction between JAK 2 and myelocytomatosis viral oncogene 
homolog (c-MYC); there are several possible independent mechanisms involved. First, Jak 2 
increases c-MYC mRNA levels through the phosphorylation of the v-akt murine thymoma viral 
oncogene homolog, inactivating the glycogen synthase kinase-3β (Samanta A.K., et al., 2009).  Also, 
JAK2 activation results in a high level of c-MYC protein caused by the inhibition of the ubiquitin/26S 
proteasome; the catalytic activity of Jak2 negatively regulate various pathways including association 
with Suppressor of Cytokine Signalling Proteins (SOCS), following stimulation by Interleukin 3 (IL-3) 
and Interferon gamma (IFN- γ) (Warsch W., et al., 2002).  Finally, the phosphatase protein 
phosphatase 2A (PP2A) plays a fundamental role in the molecular mechanisms of CML development. 
PP2A, when active in normal conditions, is responsible of interrupting BCR-ABL signalling pathway 
through the dephosphorylation of BCR-ABL by a tyrosine phosphatase SHP1. In patients with a 
modified BCR-ABL protein, PP2A is inhibited by SET nuclear oncogene (SET), a nuclear/cytoplasmic 
phospho-protein which is present in several solid and haematological diseases. Consequently, Lyn, 
Jak2, STAT5 pathways are activated, avoiding apoptosis for the leukemic cells (Neviani P,. et al, 2005 
& Warsch W., et al., 2013). Fig.1.15.1 sums the pathway just described.  
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Fig. 1.15.1. Jak 2 signalling pathway. This scheme sums how the inactivation of PP2A by SET leads to 
the activation of cell survival signals pathways, in this case Lyn pathway. The red crosses indicate 
that SHP1 is no longer able to dephosphorylates BCR-ABL and to block Lyn signalling cascade 
(adapted from Neviani P, et al., 2013).  
 
 
1.16. STAT 3 and STAT 5 pathways  
 
STAT 5 and p53 have been indicated as factors that can sensitize apoptosis, through activation by 
Oncostatin, which is a cytokine (Chipoy C. et al., 2006). Pifithrin-µ has been demonstrated to inhibit 
p53, as mentioned previously, therefore this pathway could possibly be inhibited by Pifithrin-µ. 
Bortezomib also appeared to inhibit STAT5 on BCR-ABL cells and on CD34+cells (Bucur O. et al, 2013). 
STAT3 has been targeted as one of the main signalling pathways responsible for the cellular 
development of CML; therefore, it has been studied to understand resistance mechanisms to some 
of the therapeutic options. Hoelbl A. et al (2010) have demonstrated that STAT 5 is incredibly 
important not only for the initiation process, but also for the maintenance of the disease. They used 
lymphocytic leukaemia cell lines to determine if STAT3 and STAT5 were involved in the resistance 
mechanisms; after stimulation by IFN-β, they were able to state that STAT5 and not STAT3 is able to 
induce resistance (Hoelbl A. et al, 2010). In vivo, these results are confirmed by several studies. Mice 
were injected with a BCR-ABL variant, the P210; the STAT5 wild-type murine hematopoietic cells 
resulted in a high percentage of survival, suggesting an essential role of STAT5 in the resistance to 
therapies (Ye D., et al., 2006). STAT5 seems to be also independent by JAK2; Warsch W. et al. (2011) 
tested levels of STAT5 after 24 hours treatment with Imatinib. The cells were already expressing high 
levels of STAT5, but after one day of treatment STAT5 increased from 20% to 56%. The experiment 
was repeated to JAK2 deficient cells, showing very similar results. Thus, it may indicate that JAK2 and 
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STAT5 could be activated independently from each other (Warsch W. et al, 2011). Several 
experiments have confirmed that the inhibition of STAT5 pathway induced apoptosis in a leukemic 
cell line, K562. It has been demonstrated either by treating K562 cells with a tyrosine kinase 
inhibitor, PD180970 which also targeted other molecular pathways (Huang et al, 2002). Moreover, 
the specific STAT5 inhibitor Pimozide has reached the cell cycle arrest and the subsequential 
apoptosis by targeting the genes expressing STAT5; again, the experiment was performed on K562 
cell line and on KU812, another CML cell line (Nelson E.A. et al, 2011).  
Jak2 could also be linked with STAT3 pathway, as Jak2\STAT3 is considered one of the most 
important pathways that lead to cell proliferation (Coppo P. et al, 2006 and Samanta, A. K., et al, 
2010). Understanding its role in the resistance to therapies has become an important target from 
several studies. Particularly, a STAT3 inhibitor combined with Imatinib has shown that this 
combination is a promising therapy option; Eiring et al demonstrated that STAT3 has a critical role in 
the reduction of resistant CML stem cells to Tyrosine Kinase Inhibitors which were Imatinib and 
Dasatinib in this case (Eiring A.M. et al, 2015). As other STATs proteins, STAT3 are activated by 
growth factors, cytokines that gradually lead to cell survival or proliferation. Also, similarly to other 
STATs, JAK2 assists the phosphorylation of the C domain at the Tyr705; following, STAT3 translocates 
to the nucleus where it will bind a target DNA sequence. STAT3 is highly regulated by some protein-
tyrosine phosphatase (PTP), which dephosphorylates Jak2. Moreover, suppressors of cytokine 
signaling (SOCS) and protein inhibitor of activated STATs (PIAS) are also involved. SOCS are 
responsible of binding Jak2 and addressing it to cell degradation, whilst PIAS can block STAT3 to bind 
to DNA (Nair, R. R., et al., 2012).  Fig.1.16.1. illustrates the pathway mentioned above. 
 
  
Fig 1.16.1. STAT3 pathway scheme. This figure shows the several steps of the STAT3 pathway, from 
the ligand binding to the regulation of the activation by SOCS, PTP and PIAS and the STAT3 targeting 
a gene (adjusted from Nair, R. R., et al, 2012 and Yu, H., et al., 2009).   
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1.17. Ras/Raf/MEK/ERK pathway 
 
The Ras/Raf/MEK/ERK signalling pathway is also considered as a trigger cascade for the development 
of cell survival; one of the transcription factors to be activated at the end of the pathway is NFκB, 
which is inhibited by Bortezomib and HSPIs. Ras is a GTP-binding protein responsible of various 
kinases and the pathway mentioned before is incredibly common in many human cancers (Chang F. 
et al, 2003). It has been largely studied for its involving in the proliferation of hematopoietic cells; in 
fact, Raf1 is required for the growth together with other factors such as IL14, which stimulates the 
Ras kinase activity and IL6 (Muszynski, K. W., et al., 1995). It is also interesting to analyse its 
importance in childhood acute leukaemia, where Ras mutations pathway are implicated in the 
diagnosis. It is still not clear whether Ras mutations are an initiating or secondary event with respect 
of the disease development, however it is certain that these mutations have a high incidence in very 
aggressive cases of Acute Lymphocytic Leukaemia (ALL). Further studies are currently going on to 
understand their involving in the ALL (Knight, T., & Irving, J. A. E., 2014). Regarding the actual 
cascade of events, it is significant to determine the sequence of the passages that triggers this 
pathway, also known as Mitogen Activated Protein Kinases/Extra-signal Regulated Kinase 
(MAPK/ERK) pathway. Following a growth stimulus on the Epidermal Growth Factor Receptor 
(EGFR), the tyrosine activity of the receptor is activated; this causes the binding of GRB2 to the 
tyrosine residues of the receptor. SOS, a guanine nucleoside exchange factor binds to GRB2, inducing 
the GTP-binding protein Ras to lose a phosphate transforming GTP in GDP; this allows Raf (MAPKKK) 
to be activated, which subsequently activates Mek (MAPKK), which then will activate Erk (MAPK). In 
case of cancer and, thus leukaemia, ERK is constitutively active (Dhillon, A. S., et al., 2007). This 
pathway takes place in the cytoplasm; after the MAPK activation, a transcription factor such as c-
Myc, Ets, CREB and NF-κB will be stimulated in the nucleus. Fig. 1.17.1. sums the pathway described 
above.    
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Fig. 1.17.1. The Ras protein cascade of signals.  GTP binds to RAS protein that activates MEK which 
subsequently activates ERK protein. As a final result of the protein cascade there is the transcription 
of genes which stimulate cell survival (adapted from Dhillon, A. S., et al., 2007 and Vojtek, A. B., & 
Der, C. J., 1998).  
 
After the activation of one the transcription factors, the outcome of the cascade could follow 
different ways. In fact, active ERK could suppress the genes which code for the inhibition of 
apoptosis. When the activation is sustained, some genes are upregulated; therefore, the continuous 
activity goes throughout the G1 phase. Consequently, another set of genes is downregulated by ERK; 
the decreased expression of these genes, which are antiproliferative, allows the G1 phase to enter to 
the S phase and, thus, to a constant cell proliferation (Yamamoto, T., et al., 2006). 
 
1.18. PI3K\AKT pathway    
 
Between the cell signalling pathways, PI3K\AKT is one of the most important and notable ones. 
Bortezomib appeared to downregulate phosphor-Akt on hepatocarcinoma cells, leading to apoptosis 
(Chen, K. F., et al., 2011) and to leukaemia, also overregulating p53 (Bastian L. et al, 2013). Similar to 
the previous pathways mentioned, PI3K\AKT plays an important role not only in the development of 
the disease but also in the choice of therapeutic options. PI3K has a strong connection with RAS; 
following a cytokine signal, RAS is activated and binds to the PI3 110 subunit. Therefore, PI3 is 
activated and it translates the passage between PI2 (phosphatidylinositol 4, 5 bisphosphate) to PI3 
(phosphatidylinositol 3-phosphate), as shown on Fig.1.18.1. Consequentially, AKT and its signalling 
cascade could take place. Akt remains inactive in the cytosol prior the PIP3 binding through PDK1; 
PIP3 and Akt have in fact high affinity. (Chang F. et al, 2003 and Duronio, V., et al., 1998). Akt, which 
is a serine-threonine kinase, acts against apoptosis and it is high in chemotherapy and radiotherapy 
resistant patients (Hirai H. et al, 2010). Due to its clinical importance, it has become a therapeutic 
 30 
target. PI3 and Akt inhibitors such as quercetin and Wortmannin have been largely tested in vitro 
and in vivo, showing promising apoptosis induction results in leukemic patients combined or as a 
single agent (Russo, M., et al., 2010 Marley, S. B., et al, 2004).  
 
 
Fig.1.18.1. Overview of the PI3\AKT signalling pathway. Following an external stimuli, RAS is 
activated and it binds with the P110 subunit of PI3; this event triggers the addition of phosphate to 
PIP2 and PIP3. Through PDK1, the serine threonine Akt is then recruited, provoking the cell signalling 
cascades (adapted from Chang F. et al, 2003 and Duronio, V., et al., 1998). 
 
1.19. NF-κb signalling pathway  
 
The NF-kb (nuclear factor kappa-light-chain-enhancer of activated B cells) proteins are deeply 
involved in the inflammation process, as well as playing a role in cancer initiation and progression 
and it is inhibited by Bortezomib. (Blum, K. A., et al., 2007 and Roccaro, A. M., et al., 2006). NF-kb 
activation strongly depends on the release of IKK proteins or from the cleavage of factors such as 
p100 or p105 (Hoesel B. and Schmid J.A., 2013) Multiple stimuli can activate the IKK complex and 
therefore trigger the activation of NF-kb. For example, the activation of NF-kb could be a result from 
a stimuli which started from the Ras pathway; Ras proteins are GTP-binding protein responsible of 
various kinases (Schmid J.A. and Birbach A., 2008). When the GTP-binding protein Ras loses a 
phosphate, the consequence is the transformation from GTP to GDP; this ainduces Raf (MAPKKK) to 
be activated, which subsequently activates Mek (MAPKK), which then ultimately activates Erk 
(MAPK). This final passage is the step which stimulates the release of IKK. The signalling pathway 
could be canonical or alternative; the canonical pathway is triggered by factors like TNFα or IL-1 
which bind to Troll-like receptors on the cytoplasm. Signalling kinases then activate the IKK complex 
 31 
mentioned above, which leads to the activation of the IκB complex. Following phosphorylation 
activities which are paramount for the ubiquitination process, the IκB is trimmed and proteins like 
p50 or RelA are released in the nucleus where they will target specific genes (Zhou, J., et al., 2015). 
Instead, during the non-canonical pathway, activation of B-cell activation factor (BAFFR) receptor 
leads the NF-κB-inducing kinase (NIK) to activate IKKα; this phosphorylates p100 which then leads to 
the polyubiquitination of p100 which will result in the proteasome products p52 and RelB which 
subsequently can activate the transcription of target genes. In leukaemia, a NF-κb target gene like 
Bcl-2 has been demonstrated to be upregulated; therefore, this pathway is one of the responsible of 
resistance to apoptosis, whether TNF-α regulated or chemotherapy resistance apoptosis. Also, it 
seems that p65 and p50 NF-κB interact direct with STAT3, resulting in a direct regulation of anti-
apoptotic proteins. On the other hand, it has been shown that there may be a mutual inhibition 
between p53 and NF-κB; the NF-κB subunit RelA has been shown to inhibit p53 activation, while p53 
can irreversibly inhibit NF-κB transcriptional activity (Perkins N.D., 2007). How the mutual inhibition 
works is still unclear and needs further studies. The two NF-κb pathways are described in Fig.1.19.1. 
 
 
Fig. 1.19.1. Nf- kb pathway: canonical and not canonical. A: Canonical Pathway. Following 
stimulation from the final products of Ras pathway, TNF-α or IL-10 binds to Troll-like receptor which 
stimulate the activity of IκB complex. The ubiquitinated complex enters the proteasome, which 
degrades IκB and leaves p50 and RelA to transfer to the nucleus; there, they will target the Κb gene. 
B: not – canonical pathway. BAFFR stimulates NIK to activate IKKα; therefore p100 is phosphorylated 
causing polyubiquitination and activation of the κB gene (adapted from Zhou, J., et al, 2015 and 
Roccaro, A. M., et al., 2006).  
 
 32 
 
 
1.20. Tumour protein 53 (p53) 
 
This protein is deeply involved in the apoptosis and anti-apoptosis mechanisms; also, one of its 
function is to start the process of DNA repair following cell stress or DNA damage. Its role in cell 
death and\or survival is therefore paramount. P53 and the proteasome complex are strongly linked; 
indeed, in normal cells, p53 is downregulated by a ubiquitin ligase, MDM2 which binds to p53, 
causing the passage from nucleus to the cytosol where it will be recognized by the proteasome and 
will be thus degraded. When mutated, of course, p53 is responsible of cell survival due to the 
reduced or suppressed apoptosis (Wang, C., & Youle, R. J,2009). This protein therefore plays a 
pivotal role in cell viability by regulating apoptosis; several studies have confirmed its involvement in 
the mitochondrial pathway that then leads to cell survival. It seems that following stress signalling, 
p53 binds with members of Bcl-2 proteins in the mitochondria which will then lead to the activation 
of the caspase signalling cascade and, therefore, to apoptosis. More in details, the proteins 
belonging to Bcl-2 family can have an anti-apoptotic role or a pro-apoptotic role; pro-apoptosis 
proteins such as Bax, PUMA and Bak are involved in the process. Upon signalling, p53 from the 
nucleus induces the expression of PUMA, which will then promote the release of p53 into the 
cytoplasm; p53 was inactivated by binding to the anti-apoptotic protein Bcl-xL (Vaseva, A. V., & Moll, 
U. M., 2009). The release in the cytosol of p53, which therefore enters the mitochondria, lets the 
pro-apoptosis protein Bax to translocate from cytosol to mitochondria. P53, then oligomerizes Bax 
and Bak and inhibits the anti-apoptotic members of Bcl-2 present in the mitochondria. As a result, 
the event that occurs is called mitochondrial outer membrane permeabilization (MOMP), caused by 
p53 binding to cyclophylin D. This complex induces the release of cytochrome C from mitochondria, 
which subsequently starts the caspase signalling cascade that leads to apoptosis, finally. 
Interestingly, the endoplasmatic reticulum (ER) interplays with mitochondria during the apoptosis 
process. A severe ER stress induces an incremented efflux of Ca2+ from ER via IRE1 and PERK 
membrane proteins into the mitochondria; this induces the subsequent release of cytochrome C and 
the start of caspase cascade signalling (Bravo-Sagua R. et al, 2013). Importantly, Bcl-2 and Bcl-xl 
seem to inhibit calcium release, whereas pro-apoptotic proteins like Bax and Bak positively regulate 
the communication between ER and mitochondria (White C. et al, 2005). This proposed scheme is 
yet to be clear, considering that some studies suggest that the mitochondrial pathway and, broadly 
p53 involvement in it, is only an amplifier of the caspases cascade and not the initiator of the 
apoptosis process (Marchenko N.D., et al., 2007). Fig. 1.20.1 describes what has been mentioned 
above.  
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Fig. 1.20.1. The role of p53 in the mitochondrial pathway for apoptosis. p53 in the nucleus induces 
PUMA expression, which in turn releases p53 in the cytosol which was inactive because bound to 
Bcl-2 or Bcl-XL. Consequently, Bax is transported to the mitochondria, together with p53. This results 
in a signalling cascade which starts from Cyclophilin D, which causes the release from the 
mitochondria of apoptotic factors which involve cytochrome C. Then, the caspase cascade is initiated 
and the apoptosis takes place (adapted from Marchenko N.D., et al., 2007 and Vaseva, A. V., & Moll, 
U. M., 2009).  
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1.21. Aims of the thesis  
 
A growing body of evidence demonstrated the over expression of HSPs in different type of tumours; 
it has also been demonstrated that HSPs could lead to cell survival, inhibition of apoptosis and cell 
growth in leukaemia and on other type of tumours. The importance of proteasome activity on 
cancer is always furthermore documented and recently it became a target of treatment on 
leukaemia. This led to the development of HSPIs and PIs; considering the assisting role of chaperone 
to the proteasome, it would be interesting to investigate how these two families of drugs could 
potentially enhance each other activity and affect cell viability of leukemic cells. It would also be 
interesting to evaluate their effectiveness in respect of apoptosis in a short time of treatment and on 
the lowest possible doses. Some CML and AML patients may develop resistance to conventional 
chemotherapy; a potential new therapy option such as a combination between HSPIs and PI could 
help overcoming the resistance or could potentially be considered as afirst therapy option.  
Furthermore, the role of HSP72 in apoptosis has not been fully investigate on leukaemia; therefore, 
it would be interesting to acquire better knowledge on how HSP72 could inhibited and how could 
this inhibition lead to apoptosis on leukemic cells. Also, the targeted therapy era has incredibly 
improved the specificity of the drugs and reduced the toxicity that unfortunately was common with 
normal chemotherapy. Therefore, it is always more relevant to understand how drugs could 
selectively attack only tumour cells. Often, targeted therapies can be performed with a combination 
of agents, aiming to improve each other mechanism of action and ultimately selectively kill cancer 
cells. This thesis aims to investigate effectiveness of HSPIs and Bortezomib as single agents and in a 
combined therapy, to further understand the role of HSP72 in apoptosis and to indicate a therapy 
option for CML and AML that could potentially be used in future on patients.  
 
This will be accomplished by:  
 
 Analyse the effects on cell viability and on apoptosis of HSPIs and Bortezomib as single 
agents on K562 and U937 cells.  
 Analyse the effects on cell viability and on apoptosis of HSPIs and Bortezomib as combined 
therapy on K562 and U937 cells.  
 Investigate the role of HSP72 inhibition following single agent and combination treatment of 
HSPIs and Bortezomib on K562 and U937 cells.  
 Investigate the role of HSP72 inhibition caused by single agent and combination treatment 
of HSPIs and Bortezomib in apoptosis by measuring Bcl-2 levels on U937 cells.  
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CHAPTER 2: METHODS 
 
2.1. BUFFERS AND SOLUTIONS 
 
2.1.1 Cell culture sterile 10 % Antibiotic RPMI media  
 
Cells were cultured in RPMI 1640 media which was made sterile by adding 5 ml of antibiotic and 50 
ml of Fetal Bovine Serum (FBS), under a sterile cabinet.  
 
2.1.2. Cell viability solutions  
 
PES stock solution  
0.0092 grams of PES were dissolved in 10ml of DPBS. The solution was covered in foil due to its light 
sensitivity and stored at -20°C.  
MTS solution  
MTS solution was prepared by dissolving 0.042g of MTS powder in 20ml of DPBS and the pH was 
adjusted to 6.5 by adding 1M HCl or 1M NaOH. The solution was then made to a final volume of 
21ml by adding DPBS. MTS working solution was then made by adding 1 ml pf PES solution to 20ml 
of MTS. MTS solution was then stored as 1ml aliquots in micro-centrifuge tubes wrapped in foil and 
stored at -20°C. 
 
2.1.3. Drug preparation 
 
Bortezomib (5mg) was purchased by Stratech as a pale yellow powder; in order to have a 1mM 
concentration, Bortezomib was diluted with 13.0127 ml of DMSO, aliquot and stored at – 80 °C.  
Pifithrin- (5mg) was purchased by Sigma Aldrich; it was diluted by adding 275.923 µl of DMSO to 
reach a 100 mM concentration and stored at 2-8 °C.  
PES-CL (10mg) was purchased by Calbiochem as a white powder and diluted with 313.36 µl of DMSO 
to have a 100 mM concentration. It was then stored at 2-8 °C. 
 
2.2. METHODS 
 
2.2.1. Cell culture  
CML blast crisis K562 cell line and AML U937 cell line were cultured in RPMI media. K562 is a 
suspension cell line derived from a female with CML in blast crisis and they seem to most resemble 
lymphocyte B cells. U937 cells are also a suspension cell line derived from the pleural effusion of a 
patient with histiocytic lymphoma; also, U937 are monocytes. Cells were left to grow at 37°C with 5 
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% CO2 in tissue culture flask 25cm3. The cells were sub-cultured every 2-3 days. The cells were 
divided at a log phase concentration and sub-cultured at a 1x105 cells\ml. Prior to any treatment 
experiment, both cell lines were centrifuged for 5 minutes at 500 xg; following, fresh media was 
added to the pellets, allowing the cells to reach their log phase the day of the experiment. On the 
day of the experiment, the cells were again centrifuged for 5 minutes at 500 xg and fresh media was 
added, adjusting the final cells concentration, when necessary, to 1x106 cells/ml.  
2.2.2. Cell preservation in cryostat 
 K562 and U937 cells were cultured until they reached a cell density of 5 x 10 5cells/ml and the cells 
were centrifuged for 5 minutes at 500 xg. The culture medium was discarded and the pellet was re-
suspended in 1ml freeze media (10% DMSO in FBS). The pellet was gently suspended and aliquoted 
into labelled cryo-tubes. The cells were then incubated in the vapour phase of liquid N2 for a 
minimum of 2 hours after which they were stored in a designated location in the cryostat.      
2.2.3. Cell culture starting  
The cryotube containing 500 µl of cells was thawed into a 37°C water bath, until the cells were 
defrosted. Following the defrosting process, the cells were added to 9.5 ml of RPMI in a tissue 
culture flask 25cm3in order to achieve 10 ml total volume.  
2.2.4. Cell counting  
The cells counting was performed using a haemocytometer. A 1:1 dilution of cells with trypan blue 
was used to count the number of viable cells. Trypan blue is a dye which is characterized by 
permeating the membrane of dead cells; therefore, viable and live cells will be not coloured and the 
dead cells will acquire the blue color.  
 
 
2.3.5 Cells treatments 
 
2.3.5.1. HSPIs and Bortezomib single agent treatment on K562 and U937 cells for MTS 
assay and Annexin V\PI assay 
 
K562 and U937 cells were plated on a 96 wells plate at a concentration of 1x106 cells/ml. The drugs 
were diluted in RPMI before administration to the cells; each HSPIs started from an initial 
concentration of 50 µM followed by 6 other concentrations. The range of dilutions for the HSPIs was 
therefore composed of 50 µM, 25 µM, 12.5 µM, 6.25 µM, 3.12 µM and 1.5 µM. Similarly, the range of 
dilutions for Bortezomib was composed of 250 nM, 125 nM, 62.5 nM, 31.2 nM, 15.6 nM and 7.8 nM. 
Once the minimal concentrations were obtained in the following experiments for HSPIs and for 
Bortezomib, the range for HSPIs was of 50 µM, 25 µM and 12.5 µM. Bortezomib range, following the 
same principle, was 31.2 nM and 15.6 nM. Each plate had also untreated live cells and dead cells that 
were both used as controls. The plates were incubated in the CO2 incubator for the appropriate time 
(24 hours or 6 hours, depending on the experiment) of treatment.  
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2.3.5.2. HSPIs and Bortezomib combined treatment on K562 and U937 cells for MTS assay 
and Annexin V\PI assay 
 
K562 and U937 cells were plated on a 96 wells plate at a concentration of 1x106 cells/ml. The drugs 
were diluted in RPMI before administration to the cells; for both HSPIs the dose was 12.5µM and for 
Bortezomib were 15.6 nM and 31.2 nM. Then, HSPIs were added to both cell lines for one hour and 
Bortezomib was added subsequently following the hour treatment. The cells were then incubated for 
24 hours at 37 °C. Equally, Bortezomib was added to K562 cells and U937 cells for an hour and the 
HSPIs were added subsequently. Each MTS plate had also untreated live cells and dead cells that were 
both used as controls. Plates for Annexin V\PI assay had live untreated cells control, Annexin V only 
live cells control, PI only live cells control and Annexin\PI live cells control. The cells were incubated 
for 24 hours at 37 °C.  
 
 
2.3.5.3. HSPIs and Bortezomib combined treatment for HSP72 flow cytometry assay and 
Bcl-2 flow cytometry assay 
 
K562 and U937 cells were plated on a 96 wells plate at a concentration of 1x106 cells/ml. The drugs 
were diluted in RPMI before administration to the cells for both HSPIs the dose was 12.5µM and for 
Bortezomib were 15.6 nM and 31.2 nM, which were double diluted. Then, HSPIs were added to both 
cell lines for one hour and Bortezomib was added subsequently following the hour treatment. The 
cells were then incubated for 6 hours at 37 °C. Equally, Bortezomib was added to K562 cells and U937 
cells for an hour and the HSPIs were added subsequently. The cells were incubated for 6 hours at 37 
°C.  
 
2.3.6. MTS assay  
 
The assay measures cellular viability through the reduction of a tetrazolium compound (yellow) to a 
soluble formazan product which is only converted by viable cells (Riss, Niles, & Minor, 2004). The 
assay gives an indication of cellular metabolism and changes in cellular metabolism equate to a 
change in absorbance. MTS is a negatively charged molecule that is impermeable to the cell 
membrane, thus a cell permeable electron acceptor phenazine ethosulphate (PES) is added to the 
MTS solution.   
For MTS assay U937 cells and K562 cells were cultured in 96 well plates. To determine cell viability 
post treatment, 20μl of MTS working solution was added to each well containing cells cultured in the 
plate. The plate was then incubated at 37°C with 5% CO2 for 2 hours for following which absorbance 
was read at 490nm. A dead cell control and blank were always included in the assays negative 
controls whilst untreated cells acted as positive control. Indeed, cell viability is calculated as (mean 
of sample\ mean of positive control * 100).  
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2.3.7. Flowcytometry analysis  
 
2.3.7.1. Annexin V\PI assay  
 
One of the first event of apoptosis is the translocation of the membrane phosphatidylserine (PS) 
from the inner membrane to the external surface. Annexin V is a FITC conjugated Ca2+protein with a 
strong affinity to PS and binds to the cells exposing it. To measure necrosis Propidium Iodide (PI) dye 
is used; membranes of dead and damaged are permeable to PI. Therefore, viable cells are 
considered Annexin V and PI negative, early apoptotic cells Annexin V positive and PI negative, late 
apoptosis Annexin V positive and PI positive, because they are already dead or damaged. Necrotic 
cells are PI positive and Annexin V negative.  
Following the treatment, K562 cells and U937 cells were transferred to a 96 wells V-bottom plate 
and centrifuged at 500 xg for five minutes. The supernatant was discarded and the cells were 
washed with iced DPBS (100 µL); the plate was centrifuged at 500 g for 5 minutes. The washing 
procedure was repeated for two times in total; following, supernatant was discarded and the 
Annexin V\PI binding buffer was prepared by diluting the Annexin V binding buffer with type 1 
water. Each plate had four different controls (in triplicates): unstained cells (50 µl of staining solution 
only), Annexin V controls (50 µl of staining solution and 2.5 µl of Annexin V staining only), PI controls 
(50 µl of staining solution and 2.5 µl of PI staining only) and Annexin V\PI controls (50 µl of staining 
solution and 2.5 µl of both staining products). The treated samples contained 50 µl of staining 
solution and both Annexin V and PI staining, to obviously detect the type of cell death. The plate was 
then left for fifteen minutes in the dark; as a last step, 200 µl of staining solutions was added and the 
plate was analyzed on the flow cytometer within an hour using 488 nm excitation and 525 nm 
emission for FITC Annexin V and 535 nm excitation and 617 nm for PI.  
 
2.3.7.2. HSP72 assay  
 
Following the treatment, K562 cells and U937 cells were transferred to a 96 wells V-bottom plate 
and centrifuged at 500 xg for five minutes. The supernatant was discarded and the cells were 
washed in 100 µl of DPBS; the plate was again centrifuged at 500 xg for five minutes. Subsequently, 
the supernatant was discarded and the pellets were cytofixed with 70 µl of cytofix\perm buffer. 
After 20 minutes at 4°C, 70 µl of DPBS were added to dilute the permeabilization buffer. The plate 
was centrifuged and the supernatant was again removed. The cells were re-suspended in 100 µL 
blocking buffer (5 % FBS in DPBS) and they were left for 5 minutes at room temperature. Following, 
the plate was centrifuged as described above and the supernatant was removed. The antibody 
(HSP70 FITC – Stressmarq) solution (1:50 in blocking solution) was then prepared. Each control well 
was re-suspended with 50 µl of blocking solution, whilst the test samples were re-suspended in 50 µl 
of diluted antibody solution. The plate was left for 45 minutes covered in foil at 4°C. Then, 50 µl of 
blocking solution were added on top of each well. The plate was, as usual, centrifuged and the 
supernatant was discarded. The cells were re-suspended in 100 µl DPBS; the plate was then ready to 
be analyzed, although it could be read at 488nm excitation and 525 nm emission within two weeks if 
left at 4°C and covered in tin foil.  
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2.3.7.3. Bcl-2 assay  
 
Following the treatment, U937 cells were transferred to a 96 wells V-bottom plate and centrifuged 
at 500 g for five minutes. The supernatant was discarded and the cells were washed in 100 µl of 
DPBS; the plate was again centrifuged at 500 xg for five minutes. Subsequently, the supernatant was 
discarded and the pellets were cytofixed with 70 µl of cytofix\perm buffer. After 20 minutes at 4°C, 
70 µl of DPBS were added to dilute the permeabilization buffer. The plate was centrifuged and the 
supernatant was again removed. The cells were re-suspended in 100 µL blocking buffer (5 % FBS in 
DPBS) and they were left for 5 minutes at room temperature. Following, the plate was centrifuged as 
described above and the supernatant was removed. The antibody (Anti-mouse\rat Bcl2 FITC 
Invitrogen) solution (1:50 in blocking solution) was then prepared. Each control well was re-
suspended with 50 µl of blocking solution, whilst the test samples were re-suspended in 50 µl of 
diluted antibody solution. The plate was left for 45 minutes covered in foil at 4°C. Then, 50 µl of 
blocking solution were added on top of each well. The plate was, as usual, centrifuged and the 
supernatant was discarded. The cells were re-suspended in 100 µl DPBS; the plate was then ready to 
be analyzed, although it could be read at 488nm excitation and 525 nm emission within two weeks if 
left at 4°C and covered in tin foil.  
 
 
2.3.8. Combination index  
 
The data of combination experiments were evaluated in order to measure antagonism, additive or 
synergy effects. The Compusyn software (Combosyn, Inc) was used to calculate the combination 
index (CI) for each combination of the drugs; particularly, the median values for each single 
treatment were interpolated with the median values of each combined treatment, in every 
experiment. The results were given by Chou-Talau equation, where CI < 1 = synergy, CI=O additive, CI 
> 1= antagonism.  
 
2.3.9. Statistical analysis  
 
All data was analysed using GraphPad Prism™ 6 version 6.05 (GraphPad Software, Inc, San Diego, 
USA). Importantly, all the MTS data were checked for normality prior to analysis with ANOVA. All 
data are presented as mean ± SD and were analyzed using either a one-way ANOVA Dunnett’s post 
hoc test, where all the groups (drug concentrations) where compared to a control group (live cells). 
One-way ANOVA Tukey’s post hoc test was also used to compare different drug concentrations to 
each other.    
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CHAPTER 3: HEAT SHOCK PROTEIN INHIBITORS AND PROTEASOME 
INHIBITOR ADMINISTERED AS SINGLE AGENTS ON K562 AND U937 
CELLS AND DETERMINATION OF TYPE OF CELL DEATH 
 
3.1. INTRODUCTION  
 
Targeted therapy could be considered as one of the main therapeutic options against both CML and 
AML. In the last decade the need to reduce the side effects of chemotherapy drugs became more 
urgent, in an attempt to improve the life conditions of patients. Chemotherapy drugs are extremely 
toxic for cancer cells, but such drugs attack indistinctly normal cells also. The targeted therapy applies 
the same principle and has the same aim: to kill cancer cells. The main difference with classic and 
canonical chemotherapy relies in the specificity of the target of these new drugs. Indeed, each new 
biological drug belonging to targeted therapy group has a specific target and it aims to only inhibit or 
bind to its target (Baudino T.A., 2015). On Chronic Myeloid Leukaemia (CML) perhaps the most used 
of the targeted therapy drugs is Imatinib and the descendants of this drug such as Dasatinib or 
Ponatinib as described on section 1.6. With respect to Acute Myeloid Leukaemia (AML), recently a 
new tyrosine kinase inhibitor called Midostaurin was tested, giving encouraging results in vitro; 
however, it also showed that it bound to plasma proteins causing a variable and steady-state free drug 
concentration (Perl A.E., 2017). Interestingly, Heat Shock Protein Inhibitors (HSPIs) such as Pifithrin-µ 
and PES-CL are not clinically relevant currently, perhaps due to the poor knowledge on their 
pharmacology. It is paramount therefore to try to investigate more their mechanism of action and the 
effects on apoptosis, which is what this study proposes to do. Similarly, Bortezomib is not considered 
as one of the main options for the treatment of CML and AML; it is in fact currently used for treatment 
of multiple myeloma mainly. It also has been tested on other type of cancer such as lung cancer and 
colorectal cancer (Taromi S., et al, 2017 and Mañas A. et al., 2017). Further studies are needed to 
understand its role in the treatment and management of CML and AML. This study may be one of the 
first to indicate these two families of drugs as a novel new therapy for CML and AML.  
 
HSPIs were designed to selectively bind to HSPs, according to their specific molecular weight. Due to 
their specificity, HSPIs directly bind to their chaperone target and they disrupt their resistance activity 
to apoptosis, leading them to cell death (Guo F. et al, 2005). Among specific HSP70 inhibitors there 
are Pifithrin-µ and PES-CL, described on section 1.15. The drugs have been shown to have an important 
anticancer activity on different cell lines, including leukemic cell lines such as K562, U937 and HL-60 
(Kaiser M. et al., 2011). They seem to specifically bind with HSP70 inhibiting its protein folding activity. 
Consequently, it leads to cell cycle arrest and induces apoptosis in AML cell lines, in a dose-dependent 
manner. However, it seems to be not similarly effective in respect of CML cell lines and primary cells; 
this has been found following the administration of Pifithrin-µ as single agent for a long period of time 
(72 hours) on different cell lines, including leukemic cells (Kaiser M. et al., 2011). PES-CL has been 
developed to improve Pifithrin-µ effectiveness. It has been demonstrated that it targets and leads to 
inactivation of several HSP90 and HSP70 target proteins, similarly to PFT-µ (Balaburski G. et al, 2013). 
On this research study, PES-CL seemed to be more efficient with respect of apoptosis induction when 
compared to other three HSPIs; also, it is interesting to note that the PES-CL dose which induced a loss 
of cell viability and induction to apoptosis is less high than the IC50 found on the other HSPIs (Budina-
Kolomets et al., 2014).   
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Bortezomib is perhaps the most important, well known and most used of the proteasome inhibitors. 
Bortezomib occupies the space where a damaged or an unwanted protein enters the proteasome; 
consequently, the proteins cannot enter the complex and the resulting cell stress leads to cell death 
by apoptosis (Hideshima T. et al., 2011). On leukaemia, increasing concentrations of Bortezomib (4 
nM, 8 nM, 16 nM) could induce apoptosis to CML cell lines (Ba/F3 and mutated BCR\ABL cells) after 
48 and 72 hours incubation. Caspase 3-assay and viable cell counts revealed the effectiveness of 
Bortezomib (Heaney N.B. et al, 2010). Also, flow cytometry analysis indicated that 50 nM of 
Bortezomib induced apoptosis following 48 hours on four different AML cell lines such as, HEL, KG-1, 
MV4-11 and HL-60 (Colado E. et al, 2008). Bortezomib has also been recently tested on relapsed 
patient with ALL, giving encouraging results and suggesting it as a new potential therapeutic option 
(Bostrom B., 2016). The activities of the HSP and the proteasome are strictly related; due to its role as 
a chaperone, HSPs assist the proteasome in recruiting the proteins that need to be folded and it helps 
the folding process. Particularly, HSP72 seems to be responsible of avoiding the protein aggregation 
and promote appropriate folding (Esser, C. et al., 2004). Bortezomib targets different pathways; 
however, the main one seems to be the nuclear factor-kappa B (NF-κB) pathway. This transcription 
factor is constitutively activated in breast tumour, colon cancer, prostate cancer, lymphoid 
malignancies and leukaemia. It therefore became target a research and clinical target; Bortezomib 
seems to inhibit the ubiquitination process of IKK complex, selectively binding to the proteasome. This 
stops the transcription of NF-κB gene in the nucleus, avoiding cell proliferation or cell survival (Hsu, S. 
et al., 2015). Bortezomib seems to induce apoptosis to multiple myeloma cells when it is added to 
multiple myeloma cells as single agent upregulating pro-apoptosis protein such as Noxa and disrupting 
cl-1 activity (Gomez-Bougie P. et al., 2007). Interestingly, Bortezomib induces apoptosis to CML cells 
like K562 and LAMA 84 following 24 hours or 48 hours treatment at low dose (4.8 nM); this could have 
a significant impact on CML treatment, considering the resistance to classic treatment with tyrosine 
kinase inhibitors (Yu C., et al., 2003).  
 
The aims of this chapter are essentially four:  
 
 To investigate the effectiveness of HSPIs (Pifithrin-µ and PES-CL) and the proteasome inhibitor 
Bortezomib as single agents on K562 cells and U937 cells.  
 To find a potential range of concentrations to use in a subsequent series of experiment where 
the drugs are used in combination.  
 To investigate the type of cell death that occurs following treatment.  
 To verify the effectiveness of HSPIs (Pifithrin-µ and PES-CL) and the proteasome inhibitor 
Bortezomib as single agents on K562 cells and U937 cells in a short time of treatment.  
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3.2. METHODS 
 
3.2.1 Cell culture 
 
CML cell line K562 and AML cell line U937 were used for these set of experiments. The cells were 
cultured and subdivided as described in chapter 2.3.1. Both cell lines were treated at a 1x106 cells\ml 
concentration to test drug effectiveness at the maximum logarithmic cell growth. 
 
3.2.2. Drug dilutions  
 
The drugs used on this chapter are two HSPIs (Pifithrin-µ and PES-CL) and a proteasome inhibitor 
(Bortezomib). The drugs were prepared and treated as described in Chapter 2.3.5.1. 
 
3.2.3. MTS assay  
 
MTS assay was performed as described on Chapter 2.3.6 following 24 hours of treatment with the 
drugs mentioned on section 3.2.2., in order to investigate the effects on cell viability. Subsequently, 
cell viability was tested following a shorter time of treatment of 6 hours. This was because it seemed 
interesting to evaluate the effects of the drugs within 24 hours. The choice of 6 hours was arbitrary.  
 
 
3.2.4. Flow cytometry  
 
Following the different treatments, the cells were prepared and analysed as described on Chapter 
2.3.7.1. – Annexin V\PI assay.  
 
3.2.5. Statistical analysis  
 
All the statistical analysis were performed according to what described on Chapter 2.3.9. The IC50 for 
each drug has been calculated by calculating a non-linear fit curve.  
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3.3. RESULTS 
 
3.3.1. Heat shock protein Pifithrin-µ as single agent and its effect on metabolic activity of 
K562 and U937 cell lines following 24 hours administration 
 
K562 cells, at a concentration of 1x106 cells\ml, were administered with Pifithrin-µ and then incubated 
for 24 hours. Cell viability was analysed through MTS assay, as mentioned on section 3.2.3. The initial 
range of concentration of Pifithrin-μ started from 1.5 μM to 50 µM. The first concentration, 50 µM, 
effectively resulted in compromised cell viability on K562 cells; only 4.79 % (P<0.01) of the cells 
resulted still viable. A close result was obtained also at 25 µM, where the viability was reduced to 6.32 
% (P<0.01). 12.5 µM was very effective also, although the effectiveness of the drug does not reach 
what showed on 25 µM and 50 µM; 18% (P<0.01) of K562 cells were still viable. Then, 6.2 µM 
administration caused to 44.5 % (P<0.001) of the cells to lose their viability. At 3.125 and 1.5 μM, the 
metabolism of the cells was not sufficiently compromised; respectively, 77.2 % (P<0.01) and 74.3 % of 
the cells were still alive following the administration of Pifithrin-µ. Also, 50 µM, 25 µM and 12.5 µM 
were not significantly different when compared to each other. (Fig. 3.3.1.1.).  
 
U937 cells, at a 1x106 cells\ml concentration were administered with Pifithrin-µ and then incubated 
for 24 hours. Cell viability was analysed through MTS assay, as briefly described above. Again, the 
initial range of concentration of Pifithrin-μ that was tested was from 1.5 μM to 50 µM. 50 µM caused 
almost a total compromised cell viability on U937 cells; particularly, 18.29 % (P<0.0001) of U937 cells 
survived to the treatment. 25 µM and 12.5 µM showed also an almost equal percentage of cells with 
intact cell viability. Respectively, 41.29 % (P<0.0001) and 40.58 % (P<0.01) were the percentage with 
respect of these two concentrations. At 6.2 µM, 3.125 µM and 1.5 μM, the viability was not sufficiently 
compromised; at 6.2 µM it resulted as 88.51 %, at 3.125 µM the cell viability was detected as 85.05 % 
and at 1.5 µM, 87.04 % (P<0.01) of U937 cells still maintained cell viability. In conclusion, the top three 
concentrations were also significantly different from the live control, confirming a strong effect of 
Pifithrin-µ. Also, 50 µM, 25 µM and 12.5 µM were not significantly different when compared to each 
other. (Fig. 3.3.1.2.).   
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Figure 3.3.1.1. Effects on K562 cells (1x106 cells\ml) cell viability after 24 h treatment with Pifithrin-
𝜇. After 24 h incubation, MTS assay was performed. Data are presented as mean ± SD, n=4. **** 
(P<0.0001) using one-way ANOVA Dunnett’s post hoc test. Data are all compared to live control and 
were normalized with dead cells control (not plotted). IC50: 5.83 µM. 
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Fig 3.3.1.2. Effects on U937 cells (1x106 cells\ml) cell viability after 24 h treatment with Pifithrin-𝜇. 
After 24 h incubation, MTS assay was performed in order to measure cell viability. Data are presented 
as mean ± SD, n=4. * (P<0.05), ** (P<0.01), **** (P<0.0001) using one-way ANOVA Dunnett’s post hoc 
test. Data are all compared to live control were normalized with dead cells control (not plotted). IC50: 
9.89 µM. 
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3.3.2. Heat shock protein Pifithrin-µ administered as single agent for up to six hours on 
K562 cells and subsequent determination of kind of cell death on flow cytometry 
 
Following the determination of effectiveness of Pifithrin-µ after 24 hours treatment, it was interesting 
to understand the drug effects on cell viability in a shorter time of administration; also, it seemed 
important to detect what kind of cell death (apoptosis or necrosis) occurred following Pifithrin-µ. 
Therefore, K562 and U937 cells were treated with Pifithrin-µ up to 6 hours; notably, every hour the 
cells were administered with Pifithrin-µ until the sixth hour. Then, the metabolic activity was assessed 
through MTS assay. The drug concentrations chosen for this experiment were 12.5 µM, 25 µM and 50 
µM, which are the concentrations that showed to surely affect the cell viability to more than 50 % of 
both K562 and U937 cell lines.  
 
On K562, at 12.5 µM and following six hours of Pifithrin-µ administration, 49.12 % (P<0.0001) of the 
cells resulted in having a compromised cell viability. Similarly, following five and four hours of 
treatment the effect of Pifithrin-µ on cell metabolic activity, resulting in respectively 47.68 % (P<0.01) 
and 50.99 % (P<0.001) of cells with normal viability. Three hours following Pifithrin-µ administration, 
the percentage of K562 cells with normal metabolic activity increased to 64.11 % (P<0.01). 
Consistently, two hours of administration caused less effects on cell viability, resulting in 69.09 % 
(P<0.05) of still viable cells. After 1 hour, there is still an effect; indeed, 75.39 % of cells resulted to 
have a normal cell viability, indicating that a short time of administration could still cause damage to 
leukemic cells. Throughout the time course, there are some statistical differences; all the hours are 
significantly different from the 0 hours control, confirming the cell effectiveness at any time of 
administration (Fig. 3.3.2.1. A).  
 
At 25 µM, 6 hours of administration affected K562 cells cell viability; more than half of the cells 
resulted in damaged cell metabolic activity. Indeed, 36.86 % (P<0.0001) of cells survived to Pifithrin-µ 
treatment. Five hours of administration gave a similar effect, which resulted in 38.40 % (P<0.01) of 
still viable cells. Four hours of administration still caused an effect on cell viability, 46.92 % (P<0.001) 
of cells did not have an affected metabolic activity. Following three hours of treatment, half of cells, 
52.96 % (P<0.01), were still viable. The last two hours of administration left 58.15 % (P<0.05) of K562 
cells still with not affected cell viability; a close result was given following an hour treatment, which 
resulted in 60.03 % (P<0.05) live cells. Given these results, 6 hours of administration resulted in a very 
significant statistic difference compared to control; generally, there was a significative difference 
throughout the entire time course (Fig. 3.3.2.1 B).  
 
The last concentration, 50 µM, resulted in a better response on K562 cells. Indeed, following six hours 
of treatment, 43.95 % (P<0.01) of K562 cells were not affected by the treatment. Five hours of 
administration caused a similar effect, only 45.49 % of cells were still live. An almost equal result was 
found following four hours and three hours of administration; respectively, 53.68 % (P<0.01) and 54.69 
% (P<0.05) of K562 cells were not affected by Pifithrin-µ. Consistently, after two hours of 
administration the cells that were still alive were slightly more than half, 57.51 % (P<0.05). One hour 
of administration at 50 µM still have a relevant effect on K562 cells; 42.17 % (P<0.0001) of the cells 
were still viable (Fig. 3.3.2.1. C).  
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Fig 3.3.2.1. Pifithrin-µ administration up to 6 h followed by MTS assay on K562 (1x106). MTS solution 
was administered to cells after 6 hours of treatment; there is no significant difference between 12.5 
µM (A), 25 µM (B) and 50 µM (C). The drug starts to be effective after 1-2 hours at all three 
concentrations. Data are presented as mean ± SD *(P<0.05), ** (P<0.01), *** (P<0.001), **** 
(P<0.0001) using one-way ANOVA Dunnett’s post hoc test. Data are all compared to 0 h control and 
were normalized with dead cells control (not plotted). 
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Consequently, a confirmation of how the cells were dying was expected. In order to detect the type 
of cell death, Annexin V\PI assays were performed on the flow cytometer. The cells were plated and 
treated under the same conditions and concentrations of the MTS assays, therefore over a period of 
up 6 hours Pifithrin-µ was administered to K562 cell lines. Considering that on the MTS assays, the 
time course between 4 hours and 2 hours did not show any significant difference, the drugs were 
administered at 1 hours, 3 hours and then after 6 hours. The plate was then prepared for flow 
cytometry analysis as described in the methods section. Annexin V\PI experiment strongly suggested 
that the cause of death is apoptosis, confirming what MTS results partially had shown. No necrosis 
has been detected throughout the entire time course, at any concentration. On K562 cells, 12.5 µM is 
sufficient to induce early apoptosis to 35.3 % of the cells following just 1 hour of treatment. Also, 7.4 
% of the cells died by late apoptosis. An equal result is visible at 25 µM, where again 35.3 % of K562 
cells died by early apoptosis; equally, 7.3 % of the cells died by late apoptosis. Following 1 hour of 
treatment 50 µM induced 34.9 % of early apoptosis, whilst 6.5 % of the cells died by late apoptosis 
(Fig. 3.3.2.2. Graph B, C, D respectively). Following 3 hours of treatment, 12.5 µM induced early 
apoptosis to 35.6 % of cells and 6.8 % was detected as late apoptotic. 25 µM showed a similar result, 
indeed 30.3 % of the cells died by early apoptosis and 7.9 % by late apoptosis. 50 µM increased the 
percentage of early apoptosis to 46.6 % of cells and to 10.8 % of late apoptosis (Fig. 3.3.2.2. Graph E, 
F, G, respectively). 6 hours after the administration of Pifithrin-µ, the percentage of cells that died by 
early apoptosis at 12.5 µM was of 44.4 % and 15.5 % of late apoptosis. At 25 µM, 37.4 % of cells died 
by early apoptosis and 9.4 % by late apoptosis. Lastly, at 50 µM 6 hours of Pifithrin-µ administration 
induced early apoptosis to 30.5 % and late apoptosis to 5.9 %. (Fig. 3.3.2.2. Graph H, I, J).   
 
 
 
 48 
                          
                                                                     
                           
Fig 3.3.2.2. Annexin V\PI assay of Pifithrin-µ after 1, 3 and 6 hours of treatment at various 
concentrations on K562: the flow cytometry analysis was performed on K562 cells (1x106) following 
a 1, 3 and 6 hours  treatment at 12.5 µM, 25 µM and 50 µM. Respectively: A (untreated  live control 
cells), B (1 h 12.5 µM), C (1 h 25 µM), D (1 h 50 µM), E (3 h 12.5 µM), F (3 h 25 µM), G (3h 50 µM), H 
(6 h 12.5 µM), I (6 h 25 µM), J (6 h 50 µM). Data are representative of one replicate, as an example. 
Overall the samples were analysed in triplicates for each treatment and for the control.  
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It is also showed on Fig. 3.3.2.3, Fig. 3.3.2.4 and Fig. 3.3.2.5. The results of the statistical data of the 
four quadrants of the previous data: live cells, early apoptosis, late apoptosis and necrosis. For each 
quadrant, all the single agent concentrations were compared to live control cells at 0 h, in order to 
statistically evaluate the effectiveness of the treatments in terms of apoptosis. The graph shows that 
at 12.5 µM throughout the entire time range the apoptosis levels are different (P<0.0001) after 6 
hours, 3 hours and 1 hour when they were all compared to live control 0 h (B). The remaining viable 
cells percentages are statistically significant as (P<0.0001) at every time of administration when 
compared to live cells 0 h (A). A modest percentage of the cells died by late apoptosis, at 1 hour and 
3 hours the data were considered significantly different (C) from live control. Levels of necrosis are 
not existent (D).  
 
The statistic display of 25 µM is shown on the following Fig. 3.3.2.4. Early apoptosis statistical data 
indicated that following 6 hours, 3 hours and 1 hour of treatment the difference found was P<0.0001, 
in comparison with 0 h control cells (B).  Live and viable cells quadrant showed that following 1 hour 
and 6 hours treatment the difference with 0 h control was calculated as (P<0.0001) and also after 3 
hours in comparison with 0 h control (A). Late apoptosis percentages are not statistically significant 
and no cells died by necrosis (C and D, respectively).  
 
As shown on Fig. 3.3.2.5. 50 µM early apoptosis data were significantly different from live 0 h control 
as (P<0.0001) at every time of administration (B). With respect of live cells, viable cells percentages 
resulted as different from 0 h control as P<0.0001 throughout the entire time course, equally (A). Late 
apoptosis statistical data indicated that 1 hour treatment was statistically different to 0 h live cells 
control as P<0.05 and P<0.01 following 3 hours and 6 hours (C). As shown previously on the other 
concentrations, no necrosis was detected (D).  
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Fig. 3.3.2.3. Effects of Pifithrin-µ (12.5 µM) on K562 cells on viable cells, necrosis, late apoptosis and 
apoptosis after 1 h, 3 h, 6 h administration. K562 cells (1x106 cells\ml) were treated at 12.5 µM for 1 
h, 3 h and 6 h and then analysed through flow cytometry to detect apoptosis and necrosis levels. A: 
viable cells levels, B: early apoptosis levels, C: late apoptosis, D: necrosis levels. Data are presented as 
mean ± SD, n=3. **** (P<0.0001) using one way ANOVA Dunnett’s post hoc test. Data are all compared 
to live control.    
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Fig. 3.3.2.4. Effects of Pifithrin-µ (25 µM) on K562 cells on viable cells, necrosis, late apoptosis and 
apoptosis after 1 h, 3 h, 6 h administration. The drug was administered to K562 cells (1x106 cells\ml) 
at 25 µM for 1 h, 3h and 6 h and its effect was then analysed through flow cytometry to detect 
apoptosis and necrosis levels. A: viable cells levels, B: early apoptosis levels, C: late apoptosis, D: 
necrosis levels. Data are presented as mean ± SD, n=3. **** (p<0.0001) using one way ANOVA 
Dunnett’s post hoc test. Data are all compared to live control.   
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Fig. 3.3.2.5. Effects of Pifithrin-µ (50 µM) on K562 cells on viable cells, necrosis, late apoptosis and 
apoptosis after 1 h, 3 h, 6 h administration. K562 cells (1x106 cells\ml) were treated at 50 µM for 1 h, 
3 h and 6 h and then analysed through flow cytometry to detect the type of cell death. A: viable cells 
levels, B: necrosis levels, C: late apoptosis, D: early apoptosis levels. Data are presented as mean ± SD, 
n=3. * (P<0.05), ** (P<0.01), **** (P<0.0001) using one way ANOVA Dunnett’s post hoc test. Data are 
all compared to live control.   
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Moreover, it seemed interesting to further analyse statistical data of the flow cytometry quadrants 
compared to the time course and not to live control, as shown in the graphs above. Therefore, the 
comparison between one hour of treatment and both three and six hours of treatment was 
considered. Also, the statistical differences between three and six hours were analysed. Interestingly, 
there has not been a significant statistical difference between one hour and three hours in any of the 
cell conditions, excluding a P<0.01 difference for viable cells at 50 µM. Also, when statistical data of 
one hour treatment were compared to six hours data, the only notable differences were calculated as 
P<0.0001 on 12.5 µM and as P<0.05 on 25 µM on late apoptosis. Lastly, more statistical differences 
were found between three and six hours. P<0.05 was found on all the cell conditions at 50 µM and on 
25 µM late apoptosis. P<0.01 was calculated on early apoptosis at 12.5 µM, whilst P<0.0001 on 12.5 
µM viable cells. The remaining cell conditions were not significantly different when compared to each 
other (Table 3.3.2.1.)  
 
CELL CONDITION 1 HOUR VS 3 HOURS 
SIGNIFICANCE 
1 HOUR VS 6 HOURS 
SIGNIFICANCE 
3 HOURS VS 6 HOURS 
SIGNIFICANCE 
12.5 µM viable 
cells 
Not significant P<0.0001 P<0.0001 
12.5 µM late 
apoptosis 
Not significant Not significant Not significant 
12.5 µM early 
apoptosis 
Not significant Not significant P<0.01 
25 µM viable cells  Not significant Not significant Not significant 
25 µM late 
apoptosis 
Not significant P<0.1 P<0.1 
25 µM early 
apoptosis 
Not significant Not significant Not significant 
50 µM viable cells  P<0.01 Not significant P<0.05 
50 µM late 
apoptosis  
Not significant Not significant P<0.05 
50 µM early 
apoptosis  
Not significant Not significant P<0.05 
 
Table 3.3.2.1. Further statistic comparing significance between the different times of administration 
of Pifithrin-µ on K562 cells. The table shows the statistical differences between 1 hour and 3 hours 
administration, 1 hour and 6 hours administration and between 3 hours and 6 hours administration. 
All the flow cytometry quadrants were considered, apart from necrosis which have not been detected 
in previous analysis.  
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3.3.3. Heat shock protein Pifithrin-µ administered as single agent for up to six hours on 
U937 cells and subsequent determination of kind of cell death on flow cytometry 
 
 
At the lowest concentration, 12.5 µM, U937 cells started to show compromised cell viability after six 
hours of treatment; 42.45 % (P<0.0001) of the cells were still alive at this time of administration. 
Similarly, following five hours of treatment the effect of Pifithrin-µ on cell viability resulted in 45.64 % 
(P<0.01) of cells which remained alive. Also, in the period between four hours to two hours, the effect 
caused by the drug administration resulted in an increase of the cells with normal metabolic activity; 
four hours of treatment resulted in 50.87 % (P<0.001) cells still viable, three hours resulted in 52.12 % 
(P<0.01) and two hours resulted in 53.22 % (P<0.001). After 1 hour, there is still an effect, indeed 61.76 
% of U937 (P<0.01) were not affected by the treatment (Fig. 3.3.3.1. A).  At 25 µM, 6 hours of Pifithrin-
µ treatment seemed to affect cell viability to slightly more than half of U937 cells; 45.45 % (P<0.0001) 
of the cells were still live after treatment. 5 hours of administration appeared to give a similar effect, 
where 43.47 % (P<0.01) were not affected by the inhibitor. Interestingly, 4 hours and 3 hours 
treatment were similar in their results with respect of cell viability. 4 hours of treatment resulted in 
50 % (P<0.05) of surviving cells and 3 hours resulted in 50.93 % (P<0.05) of not affected cells. Pifithrin-
µ continued to have a similar effect following 2 hours of treatment, 52.28 % (P<0.05). Also, one hour 
of administration at 25 µM still had an effect to U937 cells, affecting 40 % of cells; cell metabolic 
activity was not affected for 62.89 % (P<0.01) of cells (Fig. 3.3.3.1. B). The last concentration tested, 
50 µM, confirmed the effectiveness found on the two previous concentrations. 47 % (P<0.01) of cells 
did not have an affected cell viability following 6 hours of administration, followed by 42.32 % (P<0.01) 
live cells after 5 hours. Similar to 25 µM, Pifithrin-µ affect metabolic activity to 50 % following 4 hours 
of treatment; 50.32 % cells (P<0.01) were not affected. A close result was observed following 3 hours 
of treatment, where 48.77 % of U937 cells (P<0.001) were still alive. The last two hours of treatment 
gave very similar results in respect of cell metabolic activity; 2 hours of treatment did not affect only 
55.82 % of U937 (P<0.05), whilst one hour resulted in 56.24 % of cells not affected (P<0.0001), as it is 
shown on Graph C of Fig. 3.3.3.1. There is no significant difference in effectiveness of the drug 
following 6 hours of treatment throughout the range of concentrations. At the minimum dose tested, 
the results after 6 hours are not different from the highest one, indicating that 12.5 may be sufficient 
enough to affect cell viability. More importantly, Pifithrin-µ starts to be effective after 1 h, affecting 
cell viability of U937 cells at the concentrations tested.   
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Fig 3.3.3.1. Pifithrin-µ administration up to 6 h followed by MTS assay on U937 (1x106). MTS solution 
was administered to cells after 6 hours of treatment; there is no significant difference between 12.5 
µM (A), 25 µM (B) and 50 µM (C). The drug starts to be effective after 1-2 hours at all three 
concentrations. Data are presented as mean ± SD, n=3 * (P<0.05), ** (P<0.01), *** (P<0.001), **** 
(P<0.0001) using one way ANOVA Dunnett’s post hoc test. Data are all compared to 0 h control and 
were normalized with dead cells control (not plotted). 
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It then became fundamental to understand how the cells die, if by apoptosis or by necrosis, in the 
same fashion as described on K562 cells paragraph above. Therefore, Annexin V\PI assays were 
performed on the flow cytometer. The same conditions and concentrations of the MTS assays were 
applied, thus over 6 hours both Pifithrin-µ and PES-CL were administered to both cell lines at 12.5 µM, 
25 µM and 50 µM. Similar to K562 cell lines, the approach taken was to administer the drugs at 6 
hours, 3 hours and then after 1 hour, considering the not significative difference between 4 hours and 
2 hours. The plate was then prepared for flow cytometry analysis as described in the methods section. 
Apoptosis was the main cause of death, a result that is equivalent to what found on K562 cell line. 
Necrosis was not detected, consistent to what has been found previously.  
 
Following one hour of treatment at 12.5 µM, 34.9 % of U937 died by early apoptosis and 6.5 % died 
by late apoptosis. At 25 µM, also, 35.3 % of U937 cells were detected as early apoptosis, whilst 7.3 % 
of U937 cells died by late apoptosis. The last concentration, 50 µM, showed equal results to 25 µM; in 
fact, 35.3 % of the cells died by early apoptosis, 7.4 % were detected as late apoptotic. Following 3 
hours, at 12.5 µM the results were similar to what found at 1 hour of administration; indeed, 35.6 % 
of cells died by early apoptosis, whilst 6.8 % by late apoptosis. At the following concentration, 32.4 % 
of U937 cells were found early apoptotic and 9.2 % late apoptotic. At 50 µM, there was an increase to 
46.6 % of cells which died by early apoptosis, followed by an increase of 10.8 % of late apoptotic cells. 
Finally, 6 hours of Pifithrin-µ administration resulted in 30.5 % of early apoptotic cells and 5.9 late 
apoptotic at 12.5 µM. When the cells received 25 µM of Pifithrin-µ, 37.4 % of them died by early 
apoptosis and 9.4 % of them died by late apoptosis. At the highest concentration, 50 µM, early 
apoptosis percentages were of 44.4 % and late apoptosis were 15.5 %, confirming the general trend 
that shows that 50 µM increased the induction of apoptosis on U937 cells throughout the different 
times of administration.  
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 Fig 3.3.3.2. Annexin V\PI assay of Pifithrin-µ after 1, 3 and 6 hours of treatment at various 
concentrations on U937: the flow cytometry analysis was performed on U937 cells (1x106) following 
a 1, 3 and 6 hours  treatment at 12.5 µM, 25 µM and 50 µM. Respectively: A (untreated  live control 
cells), B (1 h 12.5 µM), C (1 h 25 µM), D (1 h 50 µM), E (3 h 12.5 µM), F (3 h 25 µM), G (3h 50 µM), H 
(6 h 12.5 µM), I (6 h 25 µM), J (6 h 50 µM). Data are representative of one replicate, as an example. 
Overall the samples were analysed in triplicates for each treatment and for the control. 
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Statistics were also plotted and examined; in the same manner of the previous section, each graph 
represents one of the four quadrants that are displayed in the previous pictures. For each quadrant, 
all the single agent concentrations were compared to live control cells, in order to statistically evaluate 
the effectiveness of the treatments in terms of apoptosis. With respect of 12.5 µM, Fig. 3.3.3.3. (A) 
showed that Pifithrin-µ is effective throughout the entire time range. The viable cells levels revealed 
a statistical difference of (P<0.0001) after 6 hours, 3 hours and 1 hour in comparison with live cells 
control. The early apoptotis quadrant showed that statistically significant differences, P<0.0001 at 1 
hour, P<0.0001 following 3 hours and P<0.0001 following 6 hours of administration when they were 
all compared to live cells control (B). A modest percentage of the cells died by late apoptosis, at 6 hour 
and 3 hours the data were considered significantly different as P<0.01 (C) from live control. Levels of 
necrosis are not existent (D).  
The graph representing 25 µM statistical data is shown on the following figure 3.3.3.4. Early apoptosis 
statistical data indicated that the values were significantly different to live cells control as (P<0.0001), 
throughout each time of administration (B).  Live and viable cells data resulted different to control as 
P<0.0001 following 6 hours, P<0.0001 following 3 hours treatment and after 1 hour they were still 
significantly different as P<0.0001 (A). Late apoptosis percentages are again different as P<0.01 on 
each time of treatment and no cells died by necrosis (C and B, respectively).  
As shown on Fig. 3.3.3.5. 50 µM induced early apoptosis data were significantly different from live 
control as P<0.0001 after each time of administration (B). The analysis of viable cells percentages 
resulted to show a statistical difference from control as (P<0.0001) following 1 hour of administration, 
as (P<0.0001) following 3 hours and P<0.0001 after 6 hours (A). Late apoptosis statistical data 
indicated that all the time of treatment gave statistical difference as P<0.05 in comparison to live cells 
control (C). Consistent to previous graphs of the other concentrations, no necrosis was detected (D).  
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Fig. 3.3.3.3. Effects of Pifithrin-µ (12.5 µM) on U937 cells on viable cells, necrosis, late apoptosis and 
apoptosis after 1 h, 3 h, 6 h administration. U937 cells (1x106 cells\ml) were treated at 12.5 µM for 1 
h, 3 h and 6 h and then analysed through flow cytometry to detect apoptosis and necrosis levels. A: 
viable cells levels, B: early apoptosis levels, C: late apoptosis levels, D: necrosis levels. Data are 
presented as mean ± SD, n=3. * (P<0.05), ** (P<0.01), **** (P<0.0001) using one way ANOVA 
Dunnett’s post hoc test. Data are all compared to live control.    
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Fig. 3.3.3.4. Effects of Pifithrin-µ (25 µM) on U937 cells on viable cells, necrosis, late apoptosis and 
apoptosis after 1 h, 3 h, 6 h administration. U937 cells (1x106 cells\ml) were treated at 12.5 µM for 1 
h, 3 h and 6 h and then analysed through flow cytometry to detect apoptosis and necrosis levels. A: 
viable cells levels, B: early apoptosis levels, C: late apoptosis, D: necrosis levels. Data are presented as 
mean ± SD, n=3. * (P<0.05), ** (P<0.01), **** (P<0.0001) using one way ANOVA Dunnett’s post hoc 
test. Data are all compared to live control.    
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Fig. 3.3.3.5. Effects of Pifithrin-µ (50 µM) on U937 cells on viable cells, necrosis, late apoptosis and 
apoptosis after 1 h, 3 h, 6 h administration. U937 cells (1x106 cells\ml) were treated at 12.5 µM for 1 
h, 3 h and 6 h and then analysed through flow cytometry to detect apoptosis and necrosis levels. A: 
viable cells levels, B: early apoptosis levels, C: late apoptosis, D: necrosis levels. Data are presented as 
mean ± SD, n=3. **** (P<0.0001) using one way ANOVA Dunnett’s post hoc test. Data are all compared 
to live control.    
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As shown in the previous section, it seemed logical to further investigate statistical data of the flow 
cytometry quadrants compared to the time course and not to live control. Therefore, the comparison 
between one hour of treatment and both three and six hours of treatment was considered. Also, the 
statistical differences between three and six hours were analysed. Interestingly, no relevant statistical 
difference between one hour and three hours in any of the cell conditions, apart from a P<0.05 
difference for viable cells and early apoptosis cells at 50 µM. Also, when statistical data of one hour 
treatment were compared to six hours data, the only statistical differences were found again as P<0.05 
on all conditions when cells were treated with 50 µM. Lastly, P<0.05 was found as a statistical 
difference on late apoptosis at 50 µM. All the others cell conditions were not significantly different. 
(Table 3.3.3.1.)  
 
CELL CONDITION 1 HOUR VS 3 HOURS 
SIGNIFICANCE 
1 HOUR VS 6 HOURS 
SIGNIFICANCE 
3 HOURS VS 6 HOURS 
SIGNIFICANCE 
12.5 µM viable 
cells 
Not significant Not significant P<0.1 
12.5 µM late 
apoptosis 
Not significant Not significant Not significant 
12.5 µM early 
apoptosis 
Not significant Not significant Not significant 
25 µM viable cells  Not significant Not significant Not significant 
25 µM late 
apoptosis 
Not significant Not significant Not significant 
25 µM early 
apoptosis 
Not significant Not significant Not significant 
50 µM viable cells  P<0.05 P<0.05 Not significant 
50 µM late 
apoptosis  
Not significant P<0.05 P<0.05 
50 µM early 
apoptosis  
P<0.05 P<0.05 Not significant 
 
Table 3.3.3.1. Further statistic comparing significance between the different times of administration 
of Pifithrin-µ on U937 cells. The table shows the statistical differences between 1 hour and 3 hours 
administration, 1 hour and 6 hours administration and between 3 hours and 6 hours administration. 
All the flow cytometry quadrants were considered, apart from necrosis which have not been detected 
in previous analysis.  
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3.3.4. Heat shock protein PES-CL as single agent and its effect on cell viability of K562 and 
U937 cell lines following 24 hours administration  
 
K562 cells, at a concentration of 1x106 cells\ml, were administered with PES-CL and then incubated 
for 24 hours. Cell viability was analysed through MTS assay, as briefly described above. The choice of 
the range of PES-CL concentration was similar to what chosen with Pifithrin-µ; PES-CL was 
administered to K562 cells on a range from 50 µM to 1.5 µM. At 50 µM, only 8.29 % (P<0.0001) of the 
cells still maintained normal cell viability, showing a potential incredible effect. At 25 µM, there was 
still a significant effect, although different from 50 µM; 30.79 % of the cells (P<0.0001) were still alive. 
A decrease in the effect on cell viability was verified at 12.5 µM, where 55.27 % (P<0.0001) were not 
affected by PES-CL treatment. The remaining three concentrations did not affect cell viability; indeed 
93.14 % of K562 cells were still alive at 6.2 µM and 90.03 % of cells were not affected by the drug at 
3.1 µM. Lastly, at 1.5 µM, 92.07 % of cells did not result to have compromised viability (Fig. 3.3.4.1.)  
 
U937 cells at a concentration of 1x106 cells\ml, were administered with PES-CL and then incubated for 
24 hours. Cell viability was assessed through MTS assay, as described in the methods section. Again, 
PES-CL was administered from a concentration of 50 µM to 1.5 µM. At 50 µM and 25 µM, the drug 
was extraordinarily effective with respect of cell viability; all U937 cells were killed by PES-CL when 
administered at these concentrations. At 12.5 µM, the drug was incredibly effective as well; only 2.95 
% of the cells survived to the treatment. At 6.2 µM, there was a rapid increase to 49.75 % in the 
number of cells who have normal cell viability. At 3.1 µM, the majority of cells were not affected by 
PES-CL treatment; 88.24 % of the cells resulted to have a normal metabolism. Finally, 80.57 % of the 
cells survived the treatment at the lowest concentration, 1.5 µM (Fig. 3.3.4.2.)  
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Fig 3.3.4.1. Effects on K562 cells (1x106 cells\ml) cell viability after 24 h treatment with PES-CL. After 
24 h incubation, MTS assay was performed in order to measure cell viability. Data are presented as 
mean ± SD, n=4. **** (P<0.0001) using one-way ANOVA Dunnett’s post hoc test. Data are all 
compared to live control and were normalized with dead cells control (not plotted). IC50: 15.62 µM. 
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Fig 3.3.4.2. Effects on U937 cells (1x106) cell viability after 24 h treatment with PES-CL.  After 24 h 
incubation, MTS assay was performed. Data are presented as mean ± SD, n=4. * (P<0.05), *** 
(P<0.001), **** (P<0.0001) using one-way ANOVA Dunnett’s post hoc test. Data are all compared to 
live control and were normalized with dead cells control (not plotted). IC50: 6.7 µM. 
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3.3.5. Heat shock protein PES-CL administered as single agent for up to six hours on U937 
cells  
 
After determining the effects of 24 h administration of PES-CL on U937 cells, a better understanding 
on the effects of such treatment for a shorter time of administration was needed. In the same fashion 
as what experimented with Pifithrin-µ, PES-CL was administered every hour up to six hours. Cell 
viability was measured by MTS assay as shown in the methods section. At 12.5 µM and following six 
hours of treatment, 44.11 % of the cells (P<0.05) did not result to have an affected cell viability. Five 
hours treatment resulted in 41.61 % of live cells (P<0.05), whilst four hours of treatment resulted in 
47.93 % (P<0.01) of not affected cells. A similar result was accomplished following three hours of 
administration, where 48.54 % (P<0.05) of the cells survived the treatment. 58.02 % of the cells 
(P<0.01) were not affected by treatment following two hours of PES-CL administration, whilst 73.38 % 
of U937 were not as well affected following only one hour treatment (Fig. 3.3.5.1. A). At 25 µM and 
following six hours of treatment, 44.66 % of the cells (P<0.05) were still alive; following five hours of 
treatment, 45.64 % (P<0.05) of U937 cells were resistant to the treatment. After four hours of 
administration, 59.07 % of U937 cells did not respond to the treatment, followed by an increase of 
66.33 % (P<0.05) in cell metabolic activity following three hours. The last two hours of treatment 
resulted in 53.08 % (P<0.01) of surviving cells after two hours of treatment and 54.24 % of them after 
one hour administration (Fig. 3.3.5.1. B). At the last concentration, 50 µM, six hours of treatment 
caused an important effect; only 21.38 % of the cells (P<0.05) were still live. Following five hours of 
treatment, 39.03 % of the cells (P<0.01) resulted to have a normal cell viability. From four hours to 
two hours, the cell metabolic activity detected by MTS was similar; 53.63 % (P<0.05) following four 
hours, 50.94 % following three hours and 52.97 % (P<0.1). There was an increase in normal cell viability 
detected following one hour only of treatment with PES-CL; metabolic activity was detected in 61.03 
% of the cells (Fig. 3.3.5.1. C).   
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Fig 3.3.5.1. PES-CL administration up to 6 h followed by MTS assay on U937 (1x106). MTS solution 
was administered to cells after 6 hours of treatment; there is no significant difference between 12.5 
µM (A), 25 µM (B) and 50 µM (C). The drug starts to be effective after 1-2 hours at all three 
concentrations. Data are presented as mean ± SD, n=3 * (P<0.05), ** (P<0.01), using one-way ANOVA 
Dunnett’s post hoc test. Data are all compared to 0 h control and were normalized with dead cells 
control (not plotted). 
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3.3.6. Bortezomib as single agent and its effect on metabolic activity of K562 and U937 cell 
lines following 24 hours administration  
 
Consistently with the other two drugs, the approach and the methods were the same with 
Bortezomib. MTS assay was used to determine metabolic activity levels on K562 cells and U937 cells 
on a 24 hours time course. Bortezomib, according to the manufacturer (Merck-Millipore), has been 
proved to be effective at much lower concentration than the two previous drugs; therefore, the range 
of concentrations started from 250 nM until 7.8 nM. Following 24 hours, 250 nM and 125 nM are 
effective on cell viability of K562 cells. Indeed, 35.06 % (P<0.0001) of the cells have a normal viability 
at 250 n M, whilst 125 n M resulted to not affect 44.63 % of the cells (P<0.0001). At 62.5 n M, the cell 
viability was not compromised for 47.23 % of the cell population. At 31.6 n M, 42.36 % (P<0.0001) was 
not affected by the treatment. A close result was accomplished at 15.6 n M, where 45.27 % of the cells 
were still alive (P<0.0001). An increase in cell viability has been found at 7.8 n M, where 74.08 % of 
cells was still alive (Fig 3.3.6.1). The IC50 calculated was 8.24 nM. 
On U937, at 250 n M only 18.96 % (P<0.0001) of the cells were still viable following Bortezomib 
treatment. At 125 nM, the cells which maintained normal viability were 24.15 % (P<0.0001) whilst 
21.94 % (P<0.0001) were still alive at 62.5 nM. A modest increase in cell viability was measured at 31.6 
nM; indeed 24.36 % (P<0.0001) of the cells did not respond to treatment. Also, 33.36 % of the cells 
(P<0.0001) resulted viable at 15.6 nM, whilst cell viability increased to 49.14 % (P<0.0001) at 7.8 nM. 
Overall, none of the Bortezomib concentration administered to U937 killed less than 50 % of the cells. 
(Fig. 3.3.6.2.) The IC50 calculated was 5.45 nM. 
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Fig 3.3.6.1. MTS assay of Bortezomib (250 n M) administered on K562 (1x106cells\ml). After 24 h 
incubation, MTS assay shows the cell viability. Data are presented as mean ± SD, n=3 *** (P<0.001), 
**** (P<0.0001) using one-way ANOVA Dunnett’s post hoc test. Data are all compared to live control 
and were normalized with dead cells control (not plotted). IC50: 8.24 nM. 
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Fig. 3.3.6.2. MTS assay of Bortezomib (250 n M) administered on U937 (1x106cells\ml) After 24 h 
incubation, MTS assay assessed the cell viability. Data are presented as mean ± SD, n=3 **** 
(P<0.0001) using one-way ANOVA Dunnett’s post hoc test. Data are all compared to live control and 
were normalized with dead cells control (not plotted). IC50: 5.45 nM. 
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3.3.7. Bortezomib administered as single agent for one hour on K562 cells and U937 cells 
and subsequent determination of the type of cell death on the flow cytometry 
 
The following step was to understand how Bortezomib kills the leukemic cells and when it starts to be 
effective in a 24 hours span. According to the literature and the drug producer, Bortezomib starts to 
be effective in 1 or 2 hours. Therefore, consistently with the experiments on HSPIs, the cells were 
treated with Bortezomib for 1 hour and then they were analysed on the flow cytometer following the 
Annexin V\PI protocol. The chosen drug concentrations were 31.2 n M and 15.6 nM, considering what 
was found in the previous MTS experiment. These were indeed the lowest concentrations which 
caused death to 50 % of K562 cells. On both concentrations, important levels of apoptosis have been 
detected; at 15 nM, 51.9 % of K562 cells died by early apoptosis and 5 % by late apoptosis (Fig. 3.3.6.1. 
Graph B). Also, at 31 nM the apoptosis percentage that was detected as 43 % early apoptosis and 5.1 
% as late apoptosis following one hour only of Bortezomib administration (Fig 3.3.7.1. C).  
 
Statistical data of the flow cytometry quadrants were also plotted and analysed. The graph was plotted 
in the same manner as the graphs designed for the HSPIs. Fig 3.3.7.2. shows that there was not any 
sign of necrosis on both concentrations following one hour of administration (D); also, late apoptosis 
has been calculated different to live cells control as (P<0.01) at 15.6 nM and as (P<0.0001) at 31 nM 
(C).  Viable cells were analysed as statistically different as (P<0.0001) on both concentrations in 
comparison to live cells control (A). Also importantly, there is no statistical difference between the 
two concentrations following one hour administration of Bortezomib.  
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Fig. 3.3.7.1. Annexin V\PI assay of Bortezomib at 15.6 n M and 31.2 n M after 1 hour treatment on 
K562 cells. The drug was administered to cells at a 1x106 cells\ml for 1 hour, followed by the analysis 
of necrosis and apoptosis levels. Respectively A: (untreated cells), B (15.6 nM), C (31.2 nM). Data are 
representative of one replicate, as an example. Overall the samples were analysed in triplicates for 
each treatment and for the control. 
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Fig 3.3.7.2. Effects of Bortezomib at 15.6 n M and 31.2 n M on K562 cells on viable cells, necrosis, 
late apoptosis and apoptosis after 1h administration. K562 cells (1x106 cells\ml) were treated at 15.6 
n M and 31.2 n M for 1h and then analysed through flow cytometry to investigate the levels of necrosis 
and apoptosis. A: viable cells levels, B: early apoptosis levels, C: late apoptosis, D: necrosis levels. Data 
are presented as mean ± SD, n=6. ** (P<0.01), **** (P<0.0001) using one way ANOVA Dunnett’s post 
hoc test. Data are all compared to live control.    
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The approach taken to determine what kind of death is caused by the administration of Bortezomib 
was the same of what described in the previous sections of this chapter. The concentrations chosen 
from the range tested on the MTS assay were 31.25 n M and 15.6 n M and the Annexin V\PI protocol 
was followed as described previously. Also, the drug was administered for only one hour, consistent 
with what experimented on K562 cells. Importantly, U937 was incredibly responsive to a short 
treatment; early apoptosis levels were detected as 66.4 % and late apoptosis as 11.4 % at 15 n M (Fig. 
3.3.6.3. B), whereas 66.2 % of the cells were detected as early apoptosis and 15.5 % as late apoptosis 
affected by Bortezomib activity at 31.2 n M. (Fig. 3.3.7.3. C).  
 
With respect of statistical data of the flow cytometry quadrants Fig 3.3.7.4 shows that there is no sign 
of cell death different from apoptosis (D); the difference between treated and live cells control in 
viable cells quadrant after one hour of treatment has been calculated as (P<0.0001) for both treatment 
(A). Percentage of late apoptosis were plotted also, indicating that there is no significative difference 
at 15.6 nM, but there is at 31.2 nM as P<0.05 (C) in comparison to live cells control. Early apoptosis 
levels showed that there is significative difference between treatments and live cells control analysed 
as (P<0.0001) at 15 nM and as (P<0.0001) at the following concentration, 31.2 nM (B).  
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Fig. 3.3.7.3. Annexin V\PI assay of Bortezomib at 15.6 nM and 31.2 nM after 1 hour treatment on 
U937 cells. The drug was administered to cells at a 1x106 cells\ml for 1 hour, followed by the analysis 
of necrosis and apoptosis levels. Respectively A: (untreated cells), B (15.6 n M), C (31.2 n M). Data are 
representative of one replicate, as an example. Overall the samples were analysed in triplicates for 
each treatment and for the control. 
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Fig 3.3.7.4. Effects of Bortezomib at 15.6 n M and 31.2 n M on U937 cells on viable cells, necrosis, 
late apoptosis and apoptosis after 1h administration. U937 cells (1x106 cells\ml) were treated at 15.6 
n M and 31.2 n M for 1h and then analysed through flow cytometry to investigate the levels of necrosis 
and apoptosis. A: viable cells levels, B: early apoptosis levels, C: late apoptosis, D: necrosis levels. Data 
are presented as mean ± SD, n=6. *(P<0.05), **** (P<0.0001) using one way ANOVA Dunnett’s post 
hoc test. Data are all compared to live control.    
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3.4. DISCUSSION 
 
Leukemic cell lines K562 and U937 were administered with two heat shock protein inhibitors, which 
are Pifithrin-µ and PES-CL and a proteasome inhibitor, Bortezomib. They were all administered as 
single agents on both cell lines in order to assess cell viability and type of cell death in two different 
time course, one longer and one shorter.  
 
3.4.1. Effects of Pifithrin-µ and PES-CL single agent treatments on cell viability on K562 and 
U937 cells 
 
Pifithrin-µ has been administered to K562 cells and U937 cells from a range of concentration starting 
from 50 µM to 1.5 µM for a time of administration of 24 hours in order to verify its effects on cell 
metabolic activity through MTS assay. The drug showed a remarkable effect on cell viability at high 
concentrations, 50 µM, 25 µM and 12.5 µM. These concentrations affected more than 50 % of the 
cells after 24 hours of administration. The lower concentration, particularly 3.125 µM and 1.5 µM, 
were not particularly effective. These results differ from other studies; Kaiser et al, (2011) have 
demonstrated that Pifithrin-µ can have effect on cell viability at a lower concentration (8 µM). 
However, Pifithrin-µ was administered for 48 hours, whilst this chapter demonstrates that 12.5 µM 
has shown to be already effective after 24 hours on K562 cells. Moreover, it seemed also interesting 
to investigate the effects of this drug on a shorter time of administration, which was up to six hours 
of treatment. It seemed a sensible choice in a potential attempt to reduce the exposure to drugs to 
cells and, possibly, future patients. In fact, Pifithrin-µ started to be effective even in a shorter time 
than 24 hours. The range of concentration chosen for this experiment changed; the top three 
concentration that affected cell viability to more than 50 % of K562 and U937 cells were chosen. Six 
hours was a sufficient time to start affecting cell viability throughout the three different 
concentrations; the results were similar for both cell lines, considering that less than 50 % of the cells 
survived the treatment following six hours (Fig.3.3.2.1. and Fig.3.3.3.1.). Perhaps, the remaining live 
cells did not receive enough drug or the time course is too short; it is not yet clear how the drugs enter 
the cells, so this may need further evaluations. A study by Kanno, et al., (2015) partially supports the 
results of this chapter; Pifithrin-α, a progenitor of Pifithrin-µ, demonstrated that 4 hours of treatment 
with 20 µM Pifithrin-α are able to significantly suppress cytochrome c release in hepatocellular 
carcinoma HepG2 cells. Although it is not the same drug, this can suggest that Pifithrin-µ mechanism 
of action may occur in a short time, as shown in this chapter. Same pattern was found after five and 
four hours, again similarly between the two cell lines. These results are partially similar to what found 
by Monma H. et al. (2013), who demonstrated that Pifithrin-µ affects cell viability on four different 
cell lines following 5 hours of administration; however, these four cell lines are pancreatic cancer cell 
lines, whilst this study analyses the effects on leukemic cell lines.  
 
Similar to Pifithrin-µ experiments, the range of PES-CL concentrations was reduced to the top three 
concentrations and MTS assay was again used to assess cell metabolic activities. The assay showed 
that six hours of administration can affect more than half of the cells at 50 µM, trend that continued 
when the time of administration decreased; at one hour of administration, there was still an effect on 
cell viability (Fig.3.3.5.1.). This partially agree with a study where PES-CL has been shown to arrest cell 
cycle in a short time (6 hours), on colorectal and small lung lymphoma cells at 20 µM (Balaburski G. et 
al, 2013). The effects on U937 cells metabolism were similar, indeed at different times of 
administration at least half of the cells had their metabolic activity affected, for example after six hours 
and two hours. Importantly, after one hour there was still a considerable effect on cell metabolic 
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activity, where slightly less than 50 % of the cells were affected by PES-CL. More notably, 12.5 µM 
showed to have effects on cell viability following a short time of administration. On contrary to what 
found by (Balabursky G. et al., 2013) a smaller concentration than 20 µM is sufficient to start affecting 
cell viability to more than half of the cells after six, five and four hours. The last three hours still 
resulted in affected cell viability, confirming that a short time of administration is sufficient to trigger 
apoptosis.  
 
Both drugs showed that 12.5 is the lowest concentration to affect cell viability on both cell lines. 
However, the drugs killed almost half of the cells population; considering that these were single agent 
experiments, these results could be considered significant. Moreover, it is important to note that the 
lowest concentration would be added to another drug, Bortezomib, in an attempt to improve single 
agent results.  
 
 
3.4.2. Effects of Pifithrin-µ single agent treatments on apoptosis on K562 and U937 cells 
 
The results given by MTS assay led to the investigation of the type of cell death that occurred on both 
cell lines. Annexin V\PI was the assay on the flow cytometer that was chosen to detect the kind of cell 
death. Importantly, the drug was administered after six, three and one hour; the reason was that there 
was no difference statistically between six hours until three hours and from three hours to one hour 
on both cell lines. The cells died by early apoptosis throughout the whole set of concentrations on 
both cell lines (Fig.3.3.2.2. and Fig.3.3.3.2.). There was no sign of necrosis, supporting what found in 
various studies (Guo F. et al, 2005 & Sekihara K. et al, 2013). Perhaps the reason why the cells died by 
apoptosis and not by necrosis could be explained by the fact that HSP70 is involved in the inhibition 
of the mitochondrial pathway of apoptosis by blocking Apaf 1 by repressing the activity of caspase 3 
and 9 on leukemic cells (Gurbuxani S. et al, 2003). Possibly, Pifithrin-µ may restore the mitochondrial 
pathway of apoptosis. Statistically, the different cell conditions were plotted to investigate significant 
differences between the different times of drug administration; generally, there was no significative 
difference in respect of early apoptosis between one hour and three hours and one hour and six hours, 
excluding at 50 µM for U937. On K562, there was no significant difference between one hour and 
three and one hour and six hours on any drug concentration, excluding at 50 µM when three and six 
hours were compared (Table 3.3.2.1.) It is important to note the particular relevance of these findings, 
especially for 12.5 µM on both cell lines. Indeed, the lowest concentration could start triggering 
apoptosis following one hour and there is no difference in terms of drug administration between one 
hour and three hours and one and six hours. Although in combination with another drug, the results 
of this chapter find partial confirm on a study by Krukowski, et al., (2015). Pifithrin-µ has been 
demonstrated to enhance cell death together with Paclitaxel when Pifithrin-µ is administered for one 
hour before administering Paclitaxel, preventing chemotherapy-induced peripheral neuropathy 
(Krukowski, K., et al., 2015).  
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3.4.3. Effects of Bortezomib single agent treatments on cell viability and apoptosis on 
K562 and U937 cells 
 
The range of concentration started from 250 nM to 7.8 nM and the drug was administered for 24 
hours, equally to what performed to the two HSPIs. MTS assay showed that Bortezomib affected cell 
viability to both cell lines to more than 50 % of K562 cells and to more than 60 % of U937 cells, 
throughout the entire range of concentration, excluding 7.8 nM, after 24 hours treatment (Fig.3.3.6.1. 
and Fig.3.3.6.2.). These results partially disagree with other studies (Klikova K. et al, 2015) where K562 
cells viability has been affected after 72 hours and not 24, as this thesis demonstrates. Interestingly, 
Bortezomib has been administered in combination with several other chemotherapy drugs, such as 
cytarabine (Attar E.C. et al, 2013) on this cell line; however, the results of this chapter indicate a 
potential use of the drug as single agent at low concentrations. Further, it was necessary to determine 
the type of cell death and if the mechanism of action of Bortezomib effectively starts to trigger the 
cell death on a shorter time than 24 hours. To better understand and evaluate the type of cell death, 
the concentrations analysed were 15.6 n M and 31.2 n M, which were the lowest concentration to 
affect cell viability, according to MTS assay. The cells were administered with Bortezomib for 1 hour 
and then analysed on the flow cytometer. With respect of U937, the flow cytometry results also 
confirmed the effectiveness found by the MTS assay; more than 60 % died by early apoptosis, 
following one hour of administration on both concentrations. Similar results have been found for the 
treatment of retinoblastoma cells (Poulaki V. et al, 2007), but apoptosis was not triggered within 1 
hour, differing from what found in this chapter. No significant difference between 15.6 nM and 31.2 
nM was calculated, indicating that 15 nM could be a potential candidate to kill acute leukemic cells 
following one hour administration.  
These results can give an important first insight on how these three drugs behave in the treatment of 
CML and AML; although administered only as single agents, these three drugs affect significantly cell 
viability and trigger apoptosis in a very short time. Future experiments may aim to further understand 
how the drugs enter the cells and therefore potentially improve the effectiveness of the drugs and 
possibly reduce the doses. These results will be then considered for the following chapter, which 
investigates the effectiveness of these three small molecules combined.  
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CHAPTER 4: ARE THE HEAT SHOCK PROTEINS INHIBITORS AND 
BORTEZOMIB ANTAGONISTIC OR SYNERGISTIC ON LEUKAEMIA CELL 
LINES?  
 
4.1. INTRODUCTION 
 
This chapter explores the effects on cell viability and apoptosis of combination treatment between 
Heat Shock Protein Inhibitors (HSPIs) and the proteasome inhibitor Bortezomib on two leukemic cell 
lines, which are U937 and K562. Combined therapy is widely used as a treatment option in cancer in 
general. The use of a drug as single agent may be effective enough to kill cancer cells, but the 
combination therapy can target different key pathways resulting in higher chances to obtain 
apoptosis induction or reduction of drug resistance (Mokhtari, R. et al., 2017). Moreover, drugs 
combination could result in a synergy effect or antagonistic effect; synergy can occur when the 
effects of the drugs combined are overall greater than the drug effects alone. Therefore, antagonism 
occur when the effects of drugs combined are not able to overcome the results obtained when the 
drugs are administered alone. The choice of new potential combined therapy depends strongly on 
the eventual synergy of the drugs, therefore it is paramount to investigate the effects of the drugs as 
single agents and then combine them to exclude the antagonistic effect. However, the potential 
synergy cannot explain the possible mechanism for drug combinations (Chen D.et al., 2015).  
 
Pifithrin-µ seems to enhance the activity of different chemotherapeutic drugs, such as cytarabine, 
17-(allylamino)-17-desmethoxygeldanamycin, suberoylanilide hydroxamic acid, and sorafenib (Kaiser 
et al, 2011). These molecules all belong to the neoplastic drugs family and they have separate and 
different targets; cytarabine targets specifically the S phase of the cell cycle, inhibiting the DNA 
synthesis. 17-(allylamino)-17-desmethoxygeldanamycin is a HSP90 inhibitor, which directly binds to 
this protein and promotes apoptosis; the mechanism of action is still not completely understood 
(Ochel, H.-J., et al., 2001). Suberoylanilide hydroxamic acid or Vorinostat is responsible the 
deacetylation of lysine residues of histones, which induces apoptosis due to the accumulation of 
acetylated histones (Leoni F. et al, 2002). Lastly, Sorafenib is a small molecule inhibitor which 
simultaneously affects the Raf/Mek/Erk pathway (Llovet M.J. & Hernandez-Gea, V., 2014). As said 
above, the combination between Pifithrin-µ and these drugs, and consequentially, the aim to target 
different pathways, can enhance the levels of apoptosis on AML and ALL cell lines. Further, Pifithrin-
µ could play a role in the improvement of the effects of Tumor necrosis factor (TNF)-related 
apoptosis-inducing ligand (TRAIL) on pancreatic cancer cells. Considering that in cancer cells the 
resistance therapy may unfortunately happen, an important option to improve sensitivity to drugs is 
the inhibition of autophagy. TRAIL has been reported to successfully affect the mechanisms of 
autophagy; HSP70 also may be involved in the attempt to restore normal levels of autophagy. Also, 
TRAIL and Pifithrin-µ seems to target a common pathway, although at different stages: the NF- κB 
pathway. Therefore, it has been demonstrated that Pifithrin-µ can assist drugs like TRAIL to increase 
cancer cells cell death; more importantly, the combination therapy resulted in a decreased 
pancreatic tumor growth if compared with results obtained by a single agent treatment (Monma H., 
et al., 2013).  Pifithrin-µ also appeared to play a role in preventing Chemotherapy-induced peripheral 
neuropathy (CIPN), which is a common side effect of cancer treatment. Although it is not completely 
clear, CIPN occur when there is a discontinued treatment of compounds like paclitaxel. In vivo, CIPN 
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occur in presence peripheral mechanical allodynia in association with retraction of intraepidermal 
nerve fibers (IENFs). Although the causes of CIPN are not fully clear, it has been demonstrated that 
mitochondrial dysfunction could affect the regulation of peripheral sensory neurons. In vitro, 
Pifithrin-µ was administered prior the treatment with paclitaxel on cancer ovarian cells, to try to 
investigate if the involvement of HSP70 and p53 may contrast the paclitaxel cytotoxic effect. The 
combined therapy not only did not prevent the effects of paclitaxel, but enhance the apoptosis rate 
in the ovarian cells (Krukowski K., et al., 2015). 
 
There is not enough knowledge about PES-CL mechanism of action and its effects on a combined 
therapy; however, it seems that PES-CL and Pifithrin-µ may be able to enhance the apoptosis 
induction in melanoma patients when they were treated with BRAF inhibitors. Particularly, it 
appears that the treatment with HSP70 inhibitors such as Pifithrin-µ and PES-CL may overcome the 
resistance to BRAF inhibitors (Budina-Kolomets A. et al, 2016). The mechanism of action of PES-CL is 
still not completely understood, whether it has been tested as single agent or in combination with 
other drugs; further studies are needed and, perhaps, this study could help investigating how this 
drug may be effective in leukaemia treatment.  
 
Bortezomib is a proteasome inhibitor which has been extremely successful in multiple myeloma 
treatment, as a single agent or in combined therapy. A study by (Saha M.N., et al., 2010) have 
demonstrated that Pifithrin-µ plays an important role when it is combined with Bortezomib and 
Nutlin, which is a small molecule that inhibits p53. Interestingly, Pifithrin-µ was administered to 
multiple myeloma cells and following six hours Nutlin and Bortezomib were added to the cells. 
Pifithrin-µ and Nutlin seems to induce apoptosis following this time of treatment; however, Pifithrin-
µ due to its specificity to p53, induced apoptosis in a p53 dependent fashion. When Nutlin was 
administered with Bortezomib only or with Pifithrin-α, the apoptosis was induced independently 
from the mitochondrial pathway, where p53 is deeply involved. Also, it has been demonstrated that 
Pifithrin-µ and Bortezomib could synergically affect cell viability in B-cell lymphoma. Although the 
mechanism is not clear, it seems that 16 hours of combined treatment may be able to affect the 
viability of BC3 and BCBL1 cells. Granato M. et al. (2013) have suggested that Pifithrin-µ may possibly 
enhance proteasome inhibitor activity overcoming drug resistance. However, they also suggested a 
possible antagonistic effect between the two drugs when HSP40, HSP72, HSP90 and HSP25 activities 
were investigated; therefore, the involvement of HSP70 in a possible antagonistic effect between 
HSPIs and proteasome inhibitors demonstrates to be still not completely clear (Granato M. et al, 
2013). Moreover, the role of these HSPs in proteasome modulation and protection from inhibition 
was suggested to be independent of ATP, indicating a potential novel mechanism for HSP70 action, 
opposite to what is commonly believed (Rodriguez, K. A., et al, 2014). Further studies may perhaps 
elucidate this mechanism and its role in the triggering of apoptosis. An interesting confirm that 
Bortezomib may be p53 dependant has been given by Wang C. et al, (2012). This study suggested 
that Bortezomib combined with rapamycin induces apoptosis and suppress cell growth on hepato-
carcinoma cell lines; also, the effects on tumour suppression on mice were superior (72.4%) than 
when the animals were treated with the drug alone (rapamycin effects were 54.7 % and after 
bortezomib only they were 22.4%). Importantly the treatment with Pifithrin-α showed that cell 
apoptosis was importantly affected, suggesting that Bortezomib effect may be dependent from p53 
accumulation in the cytoplasm. However, Bortezomib has also been demonstrated to be effective in 
the treatment of neuroblastoma. Indeed, due to its role in angiogenesis and in cell growth already 
documented on neuroblastoma, Bortezomib was combined with All-trans retinoic acid (ATRA). 
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Bortezomib showed to enhance the effects of ATRA on cell proliferation by increase the neuronal 
differentiation effect of ATRA on neuroblastoma cell lines, showing also a reduced toxicity when the 
combined therapy was repeated in vivo (Luo, P., et al., 2011).  
Considering the mechanisms of action of these two families and the results of single agents 
described on Chapter 3, combined experiments were performed and therefore shown on this 
chapter. This was reflected in the time course choice; 24 hours of combined treatment seemed a 
sensible choice considering that the drugs were effective following this time course on both cell 
lines. Also, these results were partially supported by other studies, as described in the previous 
paraghraps. More importantly, considering that the three drugs showed to affect cell viability and 
induce apoptosis following just one hour of treatment, it was decided to administer a drug for one 
hour and then add subsequently the other drug for 24 hours. In fact, this protocol intended to obtain 
an initial effect with the first drug and then a potential enhancement with the second drug over a 24 
hours time course. The scheme below sums the protocol just described.  
 
 
Fig. 4.1.1. Combination experiments rationale scheme. The two drugs, Bortezomib and one of the 
HSPIs, were administered on leukemic cell lines in combination. When Bortezomib was administered 
first for one hour, it is believed it bound to the proteasome, avoiding the degradation of pro-
apoptosis proteins. The subsequent addition of one of the HSPIs after one hour aimed to target the 
remaining pro-survival proteins by inhibiting Hsp72 in his chaperone action to the proteasome. The 
same rationale was considered for when the HSPIs were added first for one hour, followed by 24 
hours treatment with Bortezomib.   
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The aims of this chapter are:  
 
 Investigate the synergistic or antagonistic effects on cell viability of 24 hours of combined 
therapy between Pifithrin-µ and Bortezomib on K562 cells and U937 cells. 
 Investigate the synergistic or antagonistic effects on cell viability of 24 hours of combined 
therapy between PES-CL and Bortezomib on K562 cells and U937 cells.  
 Understand the type of cell death following the different combined therapies.  
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4.2. METHODS  
 
4.2.1 Cell culture 
 
K562 and U937 cell lines were used for these set of experiments. The cells were cultured and 
subdivided as described in Chapter 2.3.1. Both cell lines were treated at a 1x106 cells\ml 
concentration.  
 
4.2.2. Choice of concentrations and treatment  
The drugs used for the experiments in this chapter are two HSPIs (Pifithrin-µ and PES-CL) and the 
proteasome inhibitor Bortezomib. The drugs were diluted with DMSO according to what described 
on Chapter 2.2.6. Considering the results of single agent experiments showed in chapter 3, it was 
decided to choose the minimum dose which affected cell viability for a period of treatment of 1 hour 
up to 6 hours. HSPIs dose was 12.5 µM and Bortezomib doses were 15.6 n M and 31.2 n M. The cells 
were then treated as described on Chapter 2.3.5.2. The different combination experiments are listed 
in the table below, including the technique used. (Table 4.2.1.).  
 
 
 
COMBINATION TECHNIQUE CELL LINE 
1 h PES-CL\24 h Bortezomib MTS K562 
1 h Pifithrin-µ\24 h 
Bortezomib 
MTS K562 
1 h Pifithrin-µ\24 h 
Bortezomib 
MTS U937 
1 h Bortezomib\24 h Pifithrin-
µ 
MTS U937 
1 h PES-CL\24 h Bortezomib MTS U937 
1 h Bortezomib\24 h PES-CL MTS U937 
1 h Pifithrin-µ\24 h 
Bortezomib 
Flow cytometry K562 
1 h PES-CL\24 h Bortezomib Flow cytometry K562 
1 h Bortezomib\24 h PES-CL Flow cytometry K562 
1 h PES-CL\24 h Bortezomib Flow cytometry U937 
1 h Bortezomib\24 h PES-CL Flow cytometry U937 
1 h Pifithrin-µ\24 h 
Bortezomib 
Flow cytometry U937 
1 h Bortezomib\24 h Pifithrin-
µ 
Flow cytometry U937 
 
Table 4.2.2.1. List of combination experiments with HSPIs on K562 and U937 cell lines. The 
combination experiments present on this table are listed according to the technique and to the cell 
line. Importantly, the experiments are listed in the exact order as presented in the result section.  
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4.2.3. MTS assay  
 
Following the 24 hours treatment, MTS assay was performed as described on Chapter 2.3.6. 
 
4.2.4. Annexin V\PI assay  
 
Following the 24 hours treatment, the cells were prepared and analysed as described on Chapter 
2.3.7.1. – Annexin V\PI assay.  
 
4.2.5. Combination index analysis  
 
The analysis was performed according to what described on Chapter 2.3.8. 
 
4.2.6. Statistical analysis  
 
All the statistical analysis were performed according to what described on Chapter 2.3.9. 
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4.3. RESULTS  
 
4.3.1. Effects on cell viability on K562 cells following 1 hour treatment with HSPIs and 
subsequent 24 hours treatment with Bortezomib.  
 
After 24 hours MTS assay showed that PES-CL is effective by affecting cell viability when added as 
single agent to K562 cells; only 20.48 % of the cells were still viable at 12.5 µM. When Bortezomib 
was added following one hour, the cell viability levels were increased. When combined with PES-CL, 
Bortezomib was equally effective at 15.6 nM and 31.2 nM; 36.16 % and 37.22 % of cells, 
respectively, were not affected by the treatment. When Bortezomib was added to K562 cells 
following one hour, but as single agent, resulted in 57.71 % of cells still viable at 15.6 nM and in 
47.29 % of cells at 31.2 nM. All the drugs combinations were found significantly different as 
P<0.0001. (Fig. 4.3.1.1.) 
 
When Pifithrin-µ is administered for 24 hours on K562 at 12.5 µM, cells were responsive to 
treatment. Pifithrin-µ as single agent resulted in 16.74 % of K562 cells with normal cell viability. 
Following one hour of treatment with Pifithrin-µ cells were treated with Bortezomib as single agent 
or added to Pifithrin-µ; when they were treated with Bortezomib after one hour, 28.37 % of K562 
cells did not respond to treatment when Bortezomib was at 15.6 nM and 25.39 % of K562 cells when 
31.2 nM Bortezomib was added to Pifithrin-µ treated cells. All the drugs combinations were found 
significantly different as P<0.0001. (Fig. 4.3.1.2.) 
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Figure 4.3.1.1. Effects on K562 cells (1x106 cells\ml) cell viability after 1 h PES-CL treatment and 
subsequent 24 h treatment with Bortezomib. After 24 h incubation, MTS assay was performed. Data 
are presented as mean ± SD, n=3. **** (P<0.0001) using one-way ANOVA Dunnett’s post hoc test. 
Data are all compared to live control.   
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 Figure 4.3.1.2. Effects on K562 cells (1x106 cells\ml) cell viability after 1 h Pifithrin-µ treatment 
and subsequent 24 h treatment with Bortezomib. After 24 h incubation, MTS assay was performed. 
Data are presented as mean ± SD, n=3. **** (P<0.0001) using one-way ANOVA Dunnett’s post hoc 
test. Data are all compared to live control.   
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4.3.2. Effects on cell viability of Pifithrin-µ and Bortezomib combined treatment for 24 
hours on U937 cells 
 
With respect of U937, Pifithrin-µ resulted in 23.42 % of not affected cells when administered as 
single agent at 12.5 µM for 24 hours. Similar to K562 cells, when 15.6 nM Bortezomib was added to 
the cells previously treated with Pifithrin-µ, there was an increase in cell viability levels, 31.18 %. The 
cell viability levels decreased again to 26.91 % when 31.2 nM of Bortezomib was added after 1 h 
treatment of Pifithrin-µ. When Bortezomib was administered as a single agent, 51.24 % of U937 cells 
were not affected by 15.6 n M alone. When Bortezomib was added as 31.2 n M, only 27.34 % of the 
cells were still viable. Statistically, the combinations Pifithrin/Bortezomib were all significant 
different from live control. When all the possible drug combinations were compared together, 
12.5/15.6 compared to 12.5/31.25 was significant different; same statistic difference was found 
when 12.5/15.6 was compared to 31.2 n M. All the drugs combinations were found significantly 
different as P<0.0001. (Fig. 4.3.1.1.) 
  
 
When Bortezomib was added for 24 hours, it had an effect of U937 cells. As single agent, only 28.57 
% (P<0.0001) of U937 cells survived 24 hours treatment of 15.6 n M. Even less cells were not 
affected by 31.2 n M after 24 hours, 21.28 % (P<0.0001). When Pifithrin-µ was added after one hour 
of Bortezomib treatment, it had a strong effect on cell viability, indeed 28.17 % (P<0.0001) of U937 
cells were not affected by Pifithrin-µ. When Pifithrin was added to U937 cells previously treated for 
one hour, 50 % of cells were not affected at 12.5\15.6, whilst the cell viability was more 
compromised when Pifithrin was added to 31.2 n M, where 32.43 % of cells were not compromised 
(P<0.0001). Statistically, only 12.5/15.6 when compared to 31.25 alone is significantly different 
(P<0.0001). These results are shown on Fig. 4.3.2.2.  
 
 
 
 
 
 
 
 87 
                                 
Pifithrin-mu (M)/Bortezomib (nM)
c
e
ll
 v
ia
b
il
it
y
 %
0/
0
12
.5
/0
12
.5
/1
5.
6
12
.5
/3
1.
25
0/
15
.6
0/
31
.2
5
0
20
40
60
80
100
120
****
****
**** ****
****
  
 
Figure 4.3.2.1. Effects on U937 cells (1x106 cells\ml) cell viability after 1 h Pifithrin-µ treatment and 
subsequent 24 h treatment with Bortezomib. After 24 h incubation, MTS assay was performed. 
Data are presented as mean ± SD, n=3. **** (P<0.0001) using one-way ANOVA Dunnett’s post hoc 
test. Data are all compared to live control.   
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Figure 4.3.2.2. Effects on U937 cells (1x106 cells\ml) cell viability after 1 h Bortezomib treatment 
and subsequent 24 h treatment with Pifithrin-µ. After 24 h incubation, MTS assay was performed. 
Data are presented as mean ± SD, n=3. **** (P<0.0001) using one-way ANOVA Dunnett’s post hoc 
test. Data are all compared to live control.   
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4.3.3. Effects on cell viability of PES-CL and Bortezomib combined treatment for 24 hours 
on U937 cells 
 
On U937 cells treated with 12.5 µM PES-CL for 24 hours, the cell viability was importantly affected. 
When PES-CL was added to the cells as a single agent, only 2.43 % of cells survived the 24 h 
treatment (P<0.01). Following 1 h treatment with PES-CL, U937 cells were treated with Bortezomib 
at 15.6 n M and at 31.2 n M. At 12.5\15.6, 12.68 % (P<0.0001) of cells were not affected by the 
treatment; an equal result was found when 31.2 n M was added to cells which were treated for one 
hour with PES-CL. Indeed, 12.68 % (P<0.0001) of cells were not affected by the combination of drugs. 
Consistently with the results shown before, Bortezomib as single agent is less effective, especially at 
15.6 n M. At this concentration, 40.56 % (P<0.0001) were still viable after 24 hours of Bortezomib 
treatment. At 31.2 n M, 24 hours treatment resulted in 22.30 % (P<0.0001) of U937 cells with not 
compromised cell viability. Statistically, all the combinations resulted different from the controls. 
When the concentrations were all compared, it was found that 12.5 µM is different from 15.6 n M 
and 31.2 n M as (P<0.0001); also, 15.6 n M was different as (P<0.0001) when compared to combined 
treatment, therefore 12.5\15.6 and 12.5\31.2 (Fig. 4.3.3.1.) 
 
When Bortezomib is added to U937 cells for an hour, prior PES-CL treatment, there is also an effect 
on cell viability. At 15.6 n M single agent, 23.70 % (P<0.0001) of cells were still viable, whilst 19.43 % 
(P<0.0001) of the cells did not have an affected metabolism when Bortezomib is at 31.2 n M. When 
PES-CL is added as a single agent one hour following Bortezomib treatment, U937 cells responded 
incredibly to the treatment. Only 4.02 % (P<0.0001) of cells were not affected by the treatment; 
instead, when PES-CL was added to U937 cells which received 1 hour of Bortezomib treatment, the 
cell viability levels increased. At 12.5\15.6, 32.92 % (P<0.0001) of cells had a not affected 
metabolism, while when PES-CL was added to 31.2 n M treated cells the percentage of surviving cells 
was 19.12 % (P<0.0001). Statistically, the drug concentrations were all different from controls. When 
they were compared between each other, 12.5 µM resulted different as (P<0.0001) when compared 
to 15.6 n M Bortezomib single agent and as (P<0.0001) when compared to 12.5\15.6. (Fig. 4.3.3.2.).  
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Figure 4.3.3.1. Effects on U937 cells (1x106 cells\ml) cell viability after 1 h PES-CL treatment and 
subsequent 24 h treatment with Bortezomib. After 24 h incubation, MTS assay was performed. 
Data are presented as mean ± SD, n=3. **** (P<0.0001) using one-way ANOVA Dunnett’s post hoc 
test. Data are all compared to live control.   
 
 
 
 
 
 
 
 
 
 
 
   
 
Figure 4.3.3.2. Effects on U937 cells (1x106 cells\ml) cell viability after 1 h Bortezomib treatment 
and subsequent 24 h treatment with PES-CL. After 24 h incubation, MTS assay was performed. Data 
are presented as mean ± SD, n=3. **** (P<0.0001) using one-way ANOVA Dunnett’s post hoc test. 
Data are all compared to live control.   
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4.3.4. Synergy, additive and antagonism analysis on cell viability combined experiments  
 
The data of all the MTS experiments were analysed using the Compusyn software to determine if the 
combination between HSPIs and Bortezomib may be synergistic, additive or antagonistic. Following 
the analysis, it emerged that all the combination used in these experiments were antagonistic; 
indeed, all the CI were found > 1, which is a clear sign of antagonism as described on section 2.3.9. 
The results were consistent regardless from the order of administration of the drugs and the cell line 
(Table 4.3.4.1.).   
 
COMBINATION 
EXPERIMENT 
CELL LINE COMBINATION INDEX 
(for each combined 
concentration) 
RESULT 
PES-CL 1 h and 
Bortezomib 24 h 
K562 12.5\15.6 = 1.69  
12.5\31.2 = 1.99 
Antagonism 
Pifithrin-µ 1 h and 
Bortezomib 24 h 
K562 12.5\15.6 = 2.37 
12.5\31.2 = 2.35 
Antagonism 
Pifithrin-µ 1 h and 
Bortezomib 24 h 
U937 12.5\15.6 = 1.84 
12.5\31.2 = 2 
Antagonism 
Bortezomib 1 h and 
Pifithrin-µ 24 h  
U937 12.5\15.6 = 9.53 
12.5\31.2 = 3.77 
Antagonism 
PES-CL 1 h and 
Bortezomib 24 h 
U937 12.5\15.6 = 1.52 
12.5\31.2 = 1.81 
Antagonism 
Bortezomib 1 h and PES-
CL 24 h 
U937 12.5\15.6 = 5.57 
12.5\31.2 = 2.14 
Antagonism 
 
Table 4.3.4.1. Results of synergy, additive and antagonism analysis on cell viability combined 
experiments.  The combination experiments all resulted with a CI > 1, therefore having an 
antagonistic effect. Importantly, the experiments are listed in the exact order as presented in the 
result section. 
 
 
 
 
 
 
 
 
 
 91 
 
4.3.5. Cell death investigation through Annexin V\PI assay on the flow cytometer on K562 
cells following Pifithrin-µ and Bortezomib combined therapy  
 
To further understand the type of cell death induced by the treatment of Bortezomib and Pifithrin-µ 
both as single agents and combined on K562, the Annexin V\PI assay was performed. Similar to the 
previous chapter, the conditions of the experiment were the same of the MTS assay. In fact, 
following 1 hour of treatment with Bortezomib 15.6 nM and 31.2 nM, K562 cells were treated with 
12.5 µM for 24 hours. The results are illustrated on Fig. 4.3.5.1. When Pifithrin-µ was added as single 
agent, it induced early apoptosis to 47.6 % of cells. A small percentage of cells died by late apoptosis, 
16.3 %. The remaining 36 % of K562 cells where still live after 24 hours single agent treatment. 
Importantly, there was no sign of necrosis (B). When Pifithrin-µ was added following an hour 
treatment with Bortezomib at 15.6 nM, no necrosis was detected. Live cells percentage found was 
26.7 %, whilst 55.2 % of K562 cells died by early apoptosis. Another percentage of cells, 18 %, died 
by late apoptosis (C). Also, when Pifithrin-µ was added to 31.2 nM, 53.8 % of cells died by early 
apoptosis; other 15.8 % died by late apoptosis instead. The cells which were not affected by the 
combined treatment were 30.3 %. No necrotic cells were found (D). With respect of Bortezomib 
concentrations as single agents, at 15.6 n M K562 cells died by early apoptosis (59.9 %). Late 
apoptosis levels were detected as 19.7 % and live cells as 20.4 %, confirming the effectiveness of the 
drug on K562 cells (E)When K562 cells were treated with 31.2 n M, similar apoptosis levels were 
detected (59.2 %). Only 17.6 % of cells were not affected by the treatment, whilst 23.1 % of the cells 
died by late apoptosis (F). 
 
Here on Fig. 4.3.5.2 are represented the statistical data of the four quadrants of the previous data: 
live cells, early apoptosis, late apoptosis and necrosis. For each quadrant, all the single agent 
concentrations and the combined concentrations were compared to live control cells, in order to 
statistically evaluate the effectiveness of the treatments in terms of apoptosis. Live cells quadrant 
showed that there is a significant difference (P<0.0001) between live control and treated cells with 
12.5 µM Pifithrin-µ. Similar statistical difference (P<0.0001) between live control and treated cells 
was found at 12.5\15.6 combination. Also, when cells are treated with 31.2 nM Bortezomib only, the 
difference between control and treated cells was calculated as (P<0.0001). The combination 
12.5\31.2 when compared to live control cells resulted statistically different as (P<0.0001), whilst 
15.6 nM single agent compared to live cells resulted different as (P<0.0001) (A). Early apoptosis 
quadrant was also analysed; the 12.5 µM treatment was compared to live cells control resulted 
significantly different as (P<0.0001). Same statistical difference was found on the combination 
12.5\15.6 nM and when 15.6 nM was added as single agent, when they were compared to live cells 
control. Also, the combination 12.5\31.2 resulted different as (P<0.0001) in the comparison with live 
cells and when 31.2 n M Bortezomib was added as single agent, (P<0.0001) resulted as difference in 
the comparison with live cells (B). With respect of late apoptosis quadrant, 12.5 µM single agent 
data were compared to live cells control, resulting to have a (P<0.01) difference, whilst all the others 
combination resulted to be statistically different as (P<0.05) in comparison with live cells control. 
Only 31.2 n M was not considered statistically significant when compared to live cells (C). No 
necrosis was found, as mentioned above (D). 
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Fig. 4.3.5.2. Effects of combined treatment with Pifithrin-µ 1 h and Bortezomib 24 h on K562 cells 
on viable cells, early apoptosis, late apoptosis and necrosis. K562 cells (1x106 cells\ml) were treated 
with the combined therapy and, following 24 hours and Annexin V\PI assay, the cell conditions 
were plotted and analysed. A: viable cells levels, B: early apoptosis levels, C: late apoptosis, D: 
necrosis levels. Data are presented as mean ± SD, n=3. * (P<0.05), ** (P<0.01), **** (P<0.0001) using 
one-way ANOVA Dunnett’s post hoc test. Data are all compared to live control.     
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4.3.6. Cell death investigation through Annexin V\PI assay on the flow cytometer on K562 
cells following PES-CL and Bortezomib combined therapy  
 
The investigation on the type of cell death following a combination treatment was performed also 
with PES-CL and Bortezomib. Following 24 hours of treatment, whether PES-CL or Bortezomib was 
administered for an hour, Annexin V\PI assay was performed. No necrosis was detected for both 
experiments.  
 
When 12.5 µM PES-CL was administered for 24 hours, 48 % of K562 cells died by early apoptosis, 
whilst 5.3 % of cells died by late apoptosis. The remaining cells were not affected by the single agent 
treatment (46.7 %), as shown in Fig. 4.3.5.1. (B). When Bortezomib was added to K562 cells, more 
cells died by early apoptosis than when they were treated with PES-CL as single agent. When 15.6 n 
M Bortezomib was added, 63.4 % of cells died by early apoptosis and 23.1 % as late apoptosis. The 
percentage of cells surviving the treatment was calculated as 13.4 % (C). When K562 cells were 
treated with an hour PES-CL and the subsequent 31.2 n M Bortezomib treatment, 63.7 % of cells 
died by early apoptosis and 15.5 % survived the treatment; 20.8 % of cells died by late apoptosis (D). 
15.6 n M of Bortezomib, added as a single agent to K562 cells, resulted in 14.4 % of live cells and a 
small percentage of cells dying of late apoptosis, 24.3 %. The remaining 61.3 % died by early 
apoptosis (E). Also, when 31.2 n M of Bortezomib was added to K562 cells, only 16 % survived. Early 
apoptosis levels were detected as 65.6 %, whilst 18.3 % cells died by late apoptosis (F).  
 
Fig. 4.3.6.2. showed the results of the statistical data of the four quadrants of the previous data: live 
cells, early apoptosis, late apoptosis and necrosis. For each quadrant, all the single agent 
concentrations and the combined concentrations were compared to live control cells, in order to 
statistically evaluate the effectiveness of the treatments in terms of apoptosis. With respect of live 
cells quadrant, 12.5 µM PES-CL was found statistically different as (P<0.001) when it was compared 
to live cells control; (P<0.00001) was also the statistical difference found in the comparison between 
12.5\15.6 and live cells control. The remaining concentration, 12.5\31.2 combination, 15.6 nM 
Bortezomib single agent and 31.2 nM Bortezomib single agent, resulted statistically different to live 
cells control as (P<0.0001) difference (A).  With respect of early apoptosis quadrant, 12.5 µM PES-CL 
resulted different as (P<0.0001) when compared to live cells control. Same difference was found at 
12.5\31.25 combination in comparison with live cells control; at 15.6 nM Bortezomib single agent 
and at 12.5\15.6 combination the comparison between live cells and the treatments was calculated 
as (P<0.0001) statistical difference. The last concentration, 31.2 nM Bortezomib single agent, was 
found different as (P<0.0001) compared to live cells (B). Late apoptosis quadrant shown that 12.5 
µM was not found significantly different in comparison with live cells control, whilst 12.5\15.6 
combination was significantly different (P<0.001) compared to live cells control. The following 
combination treatment, 12.5\31.2, was found to be statistically different as (P<0.01) compared to 
live cells control. (P<0.01) was also the result of the comparison between live cells control and 31.2 
nM Bortezomib. 15.6 nM Bortezomib single agent was not found significantly different (C). There is 
no necrosis, as shown on the previous picture (D). 
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Fig. 4.3.6.2. Effects of combined treatment with PES-CL 1 h and Bortezomib 24 h on K562 cells on 
viable cells, early apoptosis, late apoptosis and necrosis. K562 cells (1x106 cells\ml) were treated 
with the combined therapy and, following 24 hours and Annexin V\PI assay, the cell conditions 
were plotted and analysed. A: viable cells levels, B: early apoptosis levels, C: late apoptosis, D: 
necrosis levels. Data are presented as mean ± SD, n=3. * (P<0.05), ** (P<0.01), *** (P<0.001), **** 
(P<0.0001) using one- way ANOVA Dunnett’s post hoc test. Data are all compared to live control.    
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When Bortezomib was administered first, 12.5 µM PES-CL treatment following an hour of 
Bortezomib resulted in 44.7 % of dead cells by apoptosis and 22 %. The remaining cells are live, 33.2 
% (Fig. 4.3.6.3. B). When PES-CL is added to 15.6 Bortezomib on K562 cells, only 18 % of cells were 
not affected by the treatment. Late apoptosis levels were detected as 19.1 %, whilst the majority of 
cells died of early apoptosis, 62.9 % (Fig. 4.3.6.3. C). PES-CL 12.5 µM was also added to K562 cells 
that were treated with 31.2 n M Bortezomib, showing 64.4 % early apoptosis and 24.9 % late 
apoptosis. 10.6 % of cells survived the treatment, as shown on Fig. 4.3.6.3. (D). Bortezomib has been 
administered for 24 hours also; at 15.6 nM 59.9 % of the cells died by early apoptosis and 19.7 % of 
late apoptosis. The remaining 20.4 % survived the treatment (Fig. 4.3.6.3. E). With respect of 31.2 n 
M, 59.2 % K562 cells died by early apoptosis and 23.1 % as late apoptosis; only 17.6 % of cells 
survived the treatment (Fig. 4.3.6.3. F). Necrosis has not been detected on any drug combinations.   
 
Fig. 4.3.6.4. showed the results of the statistical data of the four quadrants of the previous data: live 
cells, early apoptosis, late apoptosis and necrosis. For each quadrant, all the single agent 
concentrations and the combined concentrations were compared to live control cells, in order to 
statistically evaluate the effectiveness of the treatments in terms of apoptosis. With respect of live 
cells quadrant, all the drugs concentrations, whether combined or single agents were found 
statistically different as (P<0.0001) when compared to live cells control (A). Early apoptosis levels 
quadrant showed that 12.5 µM was found statistically different as (P<0.05) in comparison with live 
cells control, whilst the combination treatments 12.5\15.6 and 12.5\31.2 were found statistically 
different as (P<0.01) to live cells control. Bortezomib single agent 15.6 nM, instead, was found 
different (P<0.001) to live cells control, whilst 31.2 nM Bortezomib single agent was found different 
as (P<0.0001) in comparison with live cells control (B). With respect of late apoptosis quadrant, 12.5 
µM PES-CL resulted different (P<0.01) to live cells, whilst 31.2 nM Bortezomib was not found 
statistically significant. The remaining concentrations were instead found different as (P<0.005) in 
comparison with live cells control (C). Necrosis levels were not detected, as previously found (D).  
 
 
 
 
 98 
           
    
 
 99 
      
A - viable cells
PES-CL (M)/Bortezomib (nM)
v
ia
b
le
 c
e
ll
s
 %
0/
0
12
.5
/0
12
.5
/1
5.
6
12
.5
/3
1.
25
0/
15
.6
0/
31
.2
5
0
20
40
60
80
100
****
****
****
**** ****
PES-CL (M)/Bortezomib (nM)
a
p
o
p
to
s
is
 %
0/
0
12
.5
/0
12
.5
/1
5.
6
12
.5
/3
1.
25
0/
15
.6
0/
31
.2
5
0
20
40
60
80
100
B -  early apoptosis
****
**** ****
**** ****
C - late apoptosis
PES-CL (M)/Bortezomib (nM)
la
te
 a
p
o
p
to
s
is
 %
0/
0
12
.5
/0
12
.5
/1
5.
6
12
.5
/3
1.
25
0/
15
.6
0/
31
.2
5
0
20
40
60
80
100
** *
* *
D - necrosis
PES-CL (M)/Bortezomib (nM)
n
e
c
ro
s
is
 %
0/0 12.5/0 12.5/15.6 12.5/31.25 0/15.6 0/31.25
0
20
40
60
80
100
 
 
Fig. 4.3.6.4. Effects of combined treatment with PES-CL 1 h and Bortezomib 24 h on K562 cells on 
viable cells, early apoptosis, late apoptosis and necrosis. K562 cells (1x106 cells\ml) were treated 
with the combined therapy and, following 24 hours and Annexin V\PI assay, the cell conditions were 
plotted and analysed. A: viable cells levels, B: early apoptosis levels, C: late apoptosis, D: necrosis 
levels. Data are presented as mean ± SD, n=3. * (P<0.05), ** (P<0.01), *** (P<0.001), **** 
(P<0.0001) using one-way ANOVA Dunnett’s post hoc test. Data are all compared to live control.    
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4.3.7. Cell death investigation through Annexin V\PI assay on the flow cytometer on U937 
cells following PES-CL and Bortezomib combined therapy  
 
U937 cells were treated also with PES-CL for an hour and Bortezomib was then added for 24 hours. 
At the end of the treatment, the type of cell death was investigated through the Annexin V\PI assay 
and the results are shown on Fig. 4.3.7.1. At 12.5 µM PES-CL, 58.4 % of the cells died by early 
apoptosis and only 3.1 % of late apoptosis; 38.5 % of U937 cells survived the treatment (B). At U937 
cells previously treated with an hour of PES-CL was added 15.6 n M of Bortezomib; 65.7 % of cells 
died by early apoptosis and 16.7 % of them survived. The percentage of late apoptotic cells detected 
was 17.9 % (C). When 31.2 % was added after one hour, 65.4 % of U937 cells died by early apoptosis 
and 9.9 by late apoptosis. Only 24.7 % of the cells survived (D). When Bortezomib was added 
following one hour of PES-CL treatment, but as single agent, the apoptosis results were similar to the 
ones found when combined with PES-CL. Indeed, 19.7 % of the cells only survived at 15.6 n M, whilst 
67.9 % of the cells died by early apoptosis and 12.4 % by late apoptosis (E). When the cells were 
treated with 31.2 n M of Bortezomib only, 68.6 % died by early apoptosis and 12.8 % by late 
apoptosis. Only 18.3 % of cells survived the treatment (F).  
 
Fig. 4.3.7.2. showed the results of the statistical data of the four quadrants of the previous data: live 
cells, early apoptosis, late apoptosis and necrosis. For each quadrant, all the single agent 
concentrations and the combined concentrations were compared to live control cells, in order to 
statistically evaluate the effectiveness of the treatments in terms of apoptosis. With respect of live 
cells quadrant, 12.5 µM PES-CL was found different as (P<0.0001) to live cells control. The remaining 
combined concentrations, 12.5\15.6 and 12.5\31.2 and Bortezomib single agents 15.6 and 31.2 n M 
were found statistically different as (P<0.0001) in comparison to live cells control (A). Then, early 
apoptosis data were also analysed; PES-CL 12.5 µM resulted different as (P<0.0001) to live cells 
control; equally to what found with live cells quadrant, the remaining drugs combinations were 
calculated different as (P<0.0001), compared to live cells control (B). Late apoptosis statistical data 
was also analysed and it was found that PES-CL added for one hour first was calculated as not 
statistical different to live cells control. Instead, 12.5\15.6 and 12.5\31.2 combinations were found 
different (P<0.05) to live cells control; the two Bortezomib single agent treatments, 15.6 nM and 31 
nM were found both statistically different as (P<0.01) to live cells control, as illustrated on (C). 
Consistently with previous results, no necrosis was analysed (D).  
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Fig. 4.3.7.2. Effects of combined treatment with PES-CL 1 h and Bortezomib 24 h on U937 cells on 
viable cells, early apoptosis, late apoptosis and necrosis. U937 cells (1x106 cells\ml) were treated 
with the combined therapy and, following 24 hours and Annexin V\PI assay, the cell conditions were 
plotted and analysed. A: viable cells levels, B: early apoptosis levels, C: late apoptosis, D: necrosis 
levels. Data are presented as mean ± SD, n=3. * (P<0.05), ** (P<0.01), **** (P<0.0001) using one-
way ANOVA Dunnett’s post hoc test. Data are all compared to live control.    
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When Bortezomib was added to U937 cells prior PES-CL treatment, the apoptosis levels resulted 
significant, as shown on Fig. 4.3.7.3. When Bortezomib was added as first drug at 15.6 n M 
concentration as a single agent, 67.9 % of the cells died by early apoptosis (E). Further, when 31.2 n 
M Bortezomib was added to U937 as single agent, 68.6 % of the cells died by early apoptosis and 
12.8 % by late apoptosis. Live cells were detected as 18.3 % percentages (F). The 12.5\15.6 
combination, where 12.5 µM PES-CL was added to cells an hour following Bortezomib treatment, 
showed that 58 % of the cells died by early apoptosis and 25.5 % of late apoptosis. Live cells 
percentage was 16 % (C). Also, when PES-CL was added to 31.2 n M, 69.8 % of the cells died by early 
apoptosis and 18.4 % by late apoptosis. The cells that did not survive the treatment were the 12.5 % 
(D). Finally, when PES-CL was administered as single agent, but one hour after Bortezomib 
treatment, U937 cells responded to the treatment less effectively than when PES-CL was combined. 
Indeed, 44.7 % of U937 cells died by early apoptosis and 22 % by late apoptosis; 33.2 % of the cells 
resulted still live following 24 hours treatment (B).  
 
Fig. 4.3.7.4. showed the results of the statistical data of the four quadrants of the previous data: live 
cells, early apoptosis, late apoptosis and necrosis. For each quadrant, all the single agent 
concentrations and the combined concentrations were compared to live control cells, in order to 
statistically evaluate the effectiveness of the treatments in terms of apoptosis. With respect of live 
cells quadrant, all the concentrations, combined and single agents resulted as (P<0.0001) different to 
live cells control (A). Early apoptosis quadrant data showed that 12.5 µM resulted different as 
(P<0.0001) to live cells control; similar difference was found also on 12.5\31.2 combination and 
when 31.2 n M was administered as a single agent in a comparison to live cells control. At 12.5\15.6 
and at 15.6 nM the difference found was also (P<0.0001), when they were both compared to live 
cells control (B). Late apoptosis statistical data were also plotted; at 12.5 µM single agent the 
difference between live cells and treatment was calculated as (P<0.01). At 12.5\15.6 the difference 
between live cells control and treatment was (P<0.05) and at 12.5\31.2 the difference between live 
cells control and treatment was (P<0.0001). The single agent concentrations of Bortezomib were not 
considered statistically significant, compared to live cells control (C). No necrosis was found (D).  
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Fig. 4.3.7.4. Effects of combined treatment with Bortezomib 1 h and PES-CL 24 h on U937 cells on 
viable cells, early apoptosis, late apoptosis and necrosis. U937 cells (1x106 cells\ml) were treated 
with the combined therapy and, following 24 hours and Annexin V\PI assay, the cell conditions were 
plotted and analysed. A: viable cells levels, B: early apoptosis levels, C: late apoptosis, D: necrosis 
levels. Data are presented as mean ± SD, n=3. * (P<0.05), ** (P<0.01), *** (P<0.001), **** 
(P<0.0001) using one-way ANOVA Dunnett’s post hoc test. Data are all compared to live control.    
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4.3.8. Cell death investigation through Annexin V\PI assay on the flow cytometer on U937 
cells following Pifithrin-µ and Bortezomib combined therapy  
 
Pifithrin and Bortezomib were tested as single agents and in subsequent combination on U937 as 
well. Annexin V\PI assay was performed to investigate the type of cell death and the results are 
shown on Fig. 4.3.8.1. When Pifithrin-µ was added first for an hour, at 12.5 µM 47.6 % of U937 cells 
died by early apoptosis and 16.3 % of late apoptosis; the percentage of live cells found was 36 % (B). 
When Bortezomib at 15.6 was added after an hour of Pifithrin-µ treatment, 55.3 % of the cells were 
detected as early apoptotic and 5.5 % as late apoptotic, 39.1 % of the cells were detected as live (C). 
31.2 n M was also added to U937 cells treated with an hour Pifithrin-µ treatment, inducing early 
apoptosis to 57.5 % cells and 6.1 % late apoptosis; 36.4 % of the cells survived the treatment (D). 
When Bortezomib was added to U937 cells as single agent, at 15.6 n M the apoptotic cells that were 
detected were 63.3 % and the late apoptotic cells 5.3 %. The remaining 31.2 % were live cells (E). 
31.2 n M was also added as single agent to U937, inducing early apoptosis to 53.5 % of cells and 6.6 
% of late apoptosis cells. Live cells percentages detected was 39.8 % (F).  
 
Fig. 4.3.8.2. showed the results of the statistical data of the four quadrants of the previous data: live 
cells, early apoptosis, late apoptosis and necrosis. For each quadrant, all the single agent 
concentrations and the combined concentrations were compared to live control cells, in order to 
statistically evaluate the effectiveness of the treatments in terms of apoptosis. With respect of live 
cells, 12.5 µM was found different as (P<0.0001) to live cells control; same difference was calculated 
for the combination 12.5\15.6 compared to live cells control. Also, 12.5\31.2 was found different 
(P<0.0001) to live cells control. Bortezomib single agent treatments, which are 15.6 nM and 31.2 nM, 
were found both different (P<0.01) to live cells control (A). Early apoptosis statistical data were also 
analysed; 12.5 µM was found different as (P<0.0001) to live cells control. Same statistical difference 
was found on 12.5\15.6 and on 12.5\31.2 was found different (P<0.05) in comparison to live cells 
control. Consistently with live cells statistical data, Bortezomib single agent concentrations, 15.6 nM 
and 31.2 nM were also found different as (P<0.0001) to live cells control (B). Late apoptosis 
statistical data were also analysed. Pifithrin-µ single agent 12.5 µM, was found different to live cells 
control as (P<0.0001). Interestingly, the remaining concentrations which are 12.5\15.6, 12.5\31.2 
and 15.6 nM and 31.2 nM were all equally found different (P<0.0001) to live cells control (C). As 
previously mentioned in other paragraphs, no necrosis was found (D).  
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Fig. 4.3.8.2. Effects of combined treatment with Pifithrin-µ 1 h and Bortezomib 24 h on U937 cells 
on viable cells, early apoptosis, late apoptosis and necrosis. U937 cells (1x106 cells\ml) were treated 
with the combined therapy and, following 24 hours and Annexin V\PI assay, the cell conditions were 
plotted and analysed. A: viable cells levels, B: early apoptosis levels, C: late apoptosis, D: necrosis 
levels. Data are presented as mean ± SD, n=3. * (P<0.05), ** (P<0.01), **** (P<0.0001) using one-
way ANOVA Dunnett’s post hoc test. Data are all compared to live control.    
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When Bortezomib was added to U937 cells prior Pifithrin-µ treatment, 12.5 µM added an hour after 
Bortezomib treatment showed that 49.7 % of U937 cells died by early apoptosis and 15.6 % by late 
apoptosis. The remaining live cells detected were 34.7 % of the total (Fig. 4.3.8.3. B). When Pifithrin 
was added to 15.6 n M, 26.7 % of the cells did not respond to the treatment; 18 % of U937 were 
detected as late apoptotic and 55.2 % were found to be early apoptotic (Fig. 4.3.8.3. C). Also, 12.5 
µM Pifithrin was added to 31.2 n M following an hour treatment; the combined treatment resulted 
in 57.2 % early apoptotic cells and 3.9 % of late apoptotic cells. The remaining 28.9 % cells were 
detected as live cells (Fig. 4.3.8.3. D). When Bortezomib was added first, but as a single agent at 15.6 
n M, 59.9 % of U937 cells died by early apoptosis and 19.7 % as late apoptosis. The remaining 20.4 % 
cells was detected as live cells (Fig. 4.3.8.3. E). With respect of 31.2 n M single agent, only 17.6 % of 
U937 cells survived the 24 hours treatment, whilst 59.2 % died by early apoptosis and 23.1 % as late 
apoptosis (Fig. 4.3.8.3. F). No necrosis was found following Annexin V\PI assay throughout the 
different combinations of drugs.   
 
Fig. 4.3.8.4. showed the results of the statistical data of the four quadrants of the previous data: live 
cells, early apoptosis, late apoptosis and necrosis. For each quadrant, all the single agent 
concentrations and the combined concentrations were compared to live control cells, in order to 
statistically evaluate the effectiveness of the treatments in terms of apoptosis. Live cells data 
showed that excluding 12.5\31.2 which was found to be different as (P<0.0001) to live cells control, 
the remaining concentrations 12.5\15.6, single agent Pifithrin-m 12.5 µM and 15.6 nM and 31.2 nM 
Bortezomib single agents were all found different as (P<0.0001) in comparison to live cells control 
(A). Early apoptosis statistical data showed that at 12.5 µM, 12.5\15.6, 12.5\31.2 and 31.2 n M the 
statistical difference between live cells control and treatment concentrations was calculated as 
(P<0.0001). Also, 15.6 n M was found to be different as (P<0.001) to live cells control (B). With 
respect of late apoptosis statistical data, 12.5 µM was found statistically different as (P<0.0001) 
compared to live cells control.  When it was combined with 31.2 nM, the difference between live 
cells control and treatment was found to be (P<0.05). At 12.5\15.6 and at 15.6 nM and 31.2 nM, the 
difference between live cells control and treatment concentrations was found to be (P<0.01) (C). 
Consistently with previous experiments mentioned above, necrosis was not found (D).   
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Fig. 4.3.8.4. Effects of combined treatment with Bortezomib 1 h and Pifithrin-µ 24 h on U937 cells 
on viable cells, early apoptosis, late apoptosis and necrosis. U937 cells (1x106 cells\ml) were treated 
with the combined therapy and, following 24 hours and Annexin V\PI assay, the cell conditions were 
plotted and analysed. A: viable cells levels, B: early apoptosis levels, C: late apoptosis, D: necrosis 
levels. Data are presented as mean ± SD, n=3. * (P<0.05), ** (P<0.01), *** (P<0.001), **** 
(P<0.0001) using one-way ANOVA Dunnett’s post hoc test. Data are all compared to live control.    
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4.4. DISCUSSION 
 
Heat shock proteins (HSPs) and the proteasome inhibitor Bortezomib have been demonstrated to 
affect cell viability and to induce apoptosis in a short time of administration, as mentioned in the 
previous chapter. However, it seemed interesting to investigate the potential use of these drugs in 
combination.  
 
4.4.1. Effects of combined treatment with HSPIs and Bortezomib on cell viability of K562 
and U937 cells 
 
K562 cells responded to the combined treatment after one hour of Pifithrin-µ and subsequent 
treatment with Bortezomib for 24 hours. Particularly, the treatment with Pifithrin-µ as a single agent 
resulted in more dead cells than when Bortezomib was added as single agent or where the therapy 
was combined (Fig.4.3.1.1. and Fig.4.3.1.2.) Although the drugs combination resulted in a higher 
percentage of cells with affected metabolism compared to Bortezomib alone, these data may 
suggest that Pifithrin-µ may affect K562 cells independently from Bortezomib addiction. Perhaps, 
one hour of treatment with Pifithrin-µ is enough to kill leukemic cells and Bortezomib cannot bind to 
proteasomes. Contrary to these data, Pifithrin-α potentiated the effects of several drugs, such as 
doxorubicin, etoposide, and paclitaxel. Although the doses are not clearly stated and the drug is not 
the same, this is indicative of the antagonism of Pifithrin-µ, which has however a similar target and 
mechanism of action, and Bortezomib. Howewer, the effects were evaluated over a time of 96 
hours, which is more than double to the time of treatment of this chapter. Also, the assay was 
performed on different cells, human colon carcinoma cell line HCT116 (Walton, M. I., Wilson, S. C., 
Hardcastle, I. R., Mirza, A. R., & Workman, P., 2005). Bortezomib administered first demonstrated 
not to enhance Pifithrin-µ activity, showing no difference when it was treated as single agent to 
when it was combined. These data may partially disagree to what found by Rodriguez, K. A., 
Osmulski, P. A., Pierce, A., Weintraub, S. T., Gaczynska, M., and Buffenstein, R., (2014) It seems that 
increasing concentration of Pifithrin-µ could affect the ability to convey resistance to Bortezomib 
treatment and to treatment with another proteasome inhibitor, MG-132 on naked mole rat cell 
lysates. The increasing concentrations of Pifithrin-µ used by this study go from 10 µM to 1000 µM, 
although it is not clearly stated how long Pifithrin-µ was administered for. This research suggested 
that due to a dose-dependent treatment with Pifithrin-µ and proteasome inhibitor, the proteasome 
activity of resistant cells was clearly and significantly inhibited. Also, immunoprecipitation analysis 
revealed a strong interaction between 26 S proteasome and anti-HSP70 antibody, suggesting a direct 
interaction between the two and an enhanced activity that fought the tendency to resist to 
proteasome inhibitors treatment. Cell viability via MTS assay was not measured. Although the cells 
and the techniques were different, these results seem to indicate that Pifithrin-µ and Bortezomib 
can interact and improve their respective mechanism of action; however, the results of this study 
strongly disagree with what demonstrated by Rodriguez, K. A., Osmulski, P. A., Pierce, A., Weintraub, 
S. T., Gaczynska, M., and Buffenstein, R, (2014).  
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On U937 cells, the combined therapy indicated that the treatment with Pifithrin-µ prior the 
addiction of Bortezomib seemed to be slightly more effective on cell viability compared to when 
Bortezomib was added first. These data suggest that when Pifithrin-µ is added first, U937 cells 
respond better to the combined treatment than when Bortezomib is administered as the first drug, 
particularly at 12.5\31.2. Indeed, considering the almost equal results when Pifithrin-µ and 
Bortezomib 31.2 nM were added as single agents and when these two concentrations were added 
together, it seems that Pifithrin-µ added first for an hour may be enough potent to kill leukemic 
cells, regardless from the enhancement given by 31.2 nM Bortezomib (Fig.4.3.2.1. and Fig.4.3.2.2.). 
This is not reflected by what demonstrated by Ocio E.M. et al. (2010) who suggested that when 
histone deacetylase inhibitor Panabinostat is added to multiple myeloma cells, there is a synergistic 
action with respect of cell cycle analysis. Interestingly, Panabinostat was also added to a mixture of 
Bortezomib and dexamethasone, therefore creating a triple treatment. On both cases, the cells were 
treated for 24 hours and Bortezomib dose was reduced from 15.6 nM to 5 nM and 3 nM (single 
agent treatment, double treatment and triple treatment, respectively) and analysed on flow 
cytometry. The results showed a significant reduction in the number of cells (%) in the S phase and 
G2 and M phases, indicating a synergic action of the drug combination with Bortezomib. 
Importantly, the data shown that when administered as single agent, there were more cells in those 
phases. Therefore, although contradicting the results of this chapter, it appeared that Bortezomib 
could enhance the activity on another drug. The antagonistic effect of HSPIs and Bortezomib found 
in this thesis is also supported by Kaiser et al. (2013), who treated U937 with sorafenib, cytarabine, 
SAHA (histone deacetylases inhibitors). The effects on cell viability were strongly reduced by the 
subsequent treatment with Pifithrin-µ if compared with SAHA treatment as single agent. Also, 
Pifithrin-µ was added simultaneously to sorafenib and cytarabine and after 48 hours incubation, cell 
viability was significantly reduced compared to sorafenib and cytarabine single agent treatment. 
Pifithrin-µ then showed to be effective in combination with other drugs which are not proteasome 
inhibitor on an AML cell line, confirming the antagonistic effect found on this thesis.  
 
4.4.2. Effects of combined treatment with HSPIs and Bortezomib on apoptosis of K562 and 
U937 cells  
 
Annexin V\PI experiments gave some results that confirmed what was suggested following the MTS 
assays; others, instead, disagreed. On K562, the combined therapy generally induced apoptosis to 
more cells than when both HSPIs were added as single agents, independently from the moment of 
administration, in agreement with (Ocio E.M. et al, 2010) which demonstrated that Bortezomib with 
a double or triple combination induced more apoptosis than when the two or three drugs were 
administered alone. This is particularly notable on the PES-CL – Bortezomib experiments (Fig.4.3.5.1. 
and Fig.4.3.5.3.). When PES-CL was combined with Bortezomib, the percentage of the cells dead by 
early apoptosis was improved than when it was single agent concentration, 63 % on both 
combinations. In agreement with this, Yu C. et al, (2006) demonstrated that Sorafenib and 
Bortezomib in combination induced more apoptosis than when they were added to K562 cells as 
single agents for 48 hours. Although the time of treatment was different and the dose of Bortezomib 
was much lower (6 nM), the results of this study could be an indication of a potential use of PES-CL 
with Bortezomib to induce significant apoptosis on K562 cells. This partially contradicted what has 
been demonstrated on the MTS assay, where the combination 12.5\15.6 resulted in an antagonist 
effect between the two drugs. However, it is important to state that the two different combinations 
did not result significantly different when compared between them and the two drugs as single 
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agents, not supporting the conclusion of synergistic effect. The antagonistic effect found in this 
thesis is not in agreement with what found by Duechler, M., Linke, A., Cebula, B., Shehata, M., 
Schwarzmeier, J. D., Robak, T. and Smolewski, P., (2005) who proved that subsequent administration 
of cladribine or fludarabine with Bortezomib induced significant apoptosis to CLL cells. In fact, low 
doses of these drugs, such as 2 nM Bortezomib for a longer treatment of 48 hours showed to be 
synergistic with other agents.  
 
PES-CL and Bortezomib combinations on U937 confirmed what found on K562; indeed, PES-CL as a 
single agent was the least effective in terms of early apoptosis. The combined therapy both induced 
65 % of early apoptosis, interestingly. This is partially supported by what demonstrated by Lum, M. 
A., Balaburski, G. M., Murphy, M. E., Black, A. R., & Black, J. D. (2013); indeed PES-CL protects PKC 
protein from proteasome degradation on rat intestinal crypt-like cells; although this thesis did not 
measure proteasome activity, it remains clear that PES-CL as a single agent could have a stronger 
effect than in combination and it is also confirmed to be more potent than Pifithrin-µ. Bortezomib 
single agent induced slightly higher results, confirming the most effectiveness within the whole 
range of concentration and, also, not confirming what found on MTS assay (Fig.4.3.6.1.). When 
Bortezomib was added first, the antagonistic effect was perfectly notable on 12.5\15.6 combination; 
this resulted in a lower level of apoptosis, on the contrary to the remaining single and combined 
treatment. Interestingly, the combination between the two lowest doses, 12.5\15.6, suggested that 
this could be the only combination where there is not a predominant drug, but the two drugs are 
competitive for the role of restoring proteasome activity (Fig.4.3.6.3.). This is also confirmed by 
another study; Bortezomib did not seem to induce apoptosis to colon cancer cell lines in 
combination with Nutlin following 24 hours treatment, according to what found on Annexin V\PI by 
Lee, D. M., et al. (2017). However, this study failed to show accurate graphs which may figuratively 
state that Bortezomib cannot induce apoptosis in combination with Nutlin. Further studies are 
needed to fully understand the potential combination between HSPIs and proteasome inhibitors in 
leukaemia.   
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CHAPTER 5: DOES HSP70 INHIBITION CAUSED BY COMBINED AND 
SINGLE TREATMENT OF HSPIs AND BORTEZOMIB AFFECT BCL-2 
EXPRESSION ON LEUKEMIC CELL LINES? 
 
5.1. INTRODUCTION  
 
This chapter investigates the effects of combined therapy with HSPIs such as Pifithrin-µ and PES-CL 
in combination with the proteasome inhibitor Bortezomib and as single agents on HSP72 inhibition; 
it also investigates the effect of HSP72 inhibition on Bcl-2 expression, attempting to indicate which 
type of apoptosis occur following HSPIs and Bortezomib treatment on leukemic cell lines.  
 
Due to its role in the protein folding activity, HSP72 plays an important role in apoptosis. Its activity 
seemed to be linked to both caspase dependent apoptosis and independent from caspases; the 
relation between HSP72 and Bcl-2 is still unclear, as the different in literature proves. As mentioned 
in the section 1.14, the C-terminal site can be compared to a lid; it seems that this site could be 
involved in the downstream regulation of caspase-3. A study by (Jaattela M., et al., 1998) 
demonstrated that HSP72 could inhibit the apoptotic cascade downstream of cytochrome-c release 
and caspase-3 activation. It has been demonstrated that it could inhibit mitochondrial pathway by 
inhibiting Apaf-1 and the consequential caspase signalling cascade, confirmed by the inhibition of 
Jnk pathway (Gabai V.L., et al., 2002). HSP72 has been demonstrated to inhibit the traslocation of 
apoptosis inducing factor (AIF) from mitochondria to the nucleus where it seems to induce the 
caspase-independent cell death on BCR-ABL cells; also, the over-expression of HSP72 is associated 
with increased levels of Bcl-2, which is paramount in the mitochondrial apoptosis pathway due to its 
blocking function to the release of cytochrome c and AIF in the cytosol (Wang F. et al, 2005 and 
Mayer, M. P. and Bukau B., 2005). HSP72 also binds to IκB disrupting the function of the kinase of IκB 
and blocking NF-κB pathway by degrading p65 and leading to DNA fragmentation independently 
from the caspase cascade signalling (Tanaka T., et al., 2014). HSP70 inhibition and the restoring of 
normal proteasome activity resulted particularly significant in the treatment of neuromuscular 
disorder congenital myasthenic syndrome; a genetic mutation in choline acetyltransferase activity 
seems to be the main cause of this syndrome. It has been found that HSP70 inhibitors reduced the 
choline acetyltransferase activity thus enhanced proteasome activity. However, HSP72 inhibition 
role is not completely clear in the apoptosis process with respect of this syndrome (Morey, T. M., et 
al., 2017). Another proof of the controversial role between HSP72 and apoptosis was suggested by 
(Leu, J. I.-J., et al., 2009) who have demonstrated that the inhibition of HSP70 prevents p53 to 
accumulate in the mitochondria, therefore suggesting that the mitochondrial apoptosis pathway is 
not triggered following Pifithrin-µ action. HSP72 inhibition showed to alter the lysosome function, 
leading to a dysfunctional autophagy, and to a different type of cell death than caspase dependant. 
However, other studies are not in agreement with this theory, suggesting that HSP72 did not inhibit 
the activity of caspase-3 in vitro, even in the presence of ATP and therefore the clear involvement of 
the C-terminal site mentioned previously. In fact, it seems that HSP72 could inhibit also independent 
caspase apoptosis, in addition to the caspase dependent action, confirming HSP72 involvement in 
both the type of apoptosis (Mosser D.D., et al., 1997 and Creagh E.M., et al., 2000). Also, another 
group of researchers suggested that HSP72 seemed to inhibit caspase-independent pathway by 
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inhibiting the apoptosis-inducing factor, escaping DNA fragmentation and caspase 8 involvement 
(Guo F. et al, 2005). 
 
High levels of Bcl-2 have been found on 276 patients with Chronic Lymphocytic Leukaemia (CLL), 
according to a study by (Majid A., et al., 2008), which also urged to propose a mechanism which can 
help understanding the reasons of such overexpression. Patients with CLL lack Bcl-2 translocation in 
the chromosomes; this genetic mutation may be explained by loss of microRNA (miRNA) expression 
or expression of a protein called nucleolin, which plays a pivotal role in the synthesis and maturation 
of ribosomes. However, the reasons for Bcl-2 overexpression still remain unclear and need further 
studies. With respect to CML, high levels of Bcl-2 may be able to explain cell survival and resistance 
to treatment in the chronic phase of CML. Overexpressed protein was found on CML stem cells, 
which failed to be responsive to treatment of tyrosine kinase inhibitors, perhaps the paramount 
treatment for any CML patient. A potential inhibition of Bcl-2 combined with tyrosine kinase 
inhibitor treatment showed encouraging results, suggesting a potential role as a new combination 
therapy for CML patients (Carter B.Z. et al, 2017). Furthermore, a correlation between Bcl-2 
polymorphism and CML has been proposed; Bcl-2 have two isoforms which are Bcl-2-α (26 kDa) and 
Bcl-2-β (22 kDa). The first one is associated with anti-apoptotic activity, due to its hydrophobic 
transmembrane domain bound to the mitochondrial membrane. The presence of one of these two 
isoforms could influence the balance between apoptotic and anti-apoptotic signals; it has been 
suggested that these polymorphisms may enhance the chances to develop CML and therefore 
influence the treatment of these patients (Guillem V. et al, 2015). Bcl-2 over-expression may play an 
even more important role on AML; in fact, it has recently emerged that high Bcl-2 levels are an 
important characteristic of quiescent stem cells, which are resistant to normal chemo-therapy 
(Lagadinou E.D. et al, 2013). Also, inhibition of Bcl-2 with Venetoclax on such cells induced apoptosis 
(Pullarkat V.A. and Newman E.M., 2016). Therefore, it seemed interesting to evaluate the inhibition 
of Bcl-2 on U937 cells, miming what could happen on an AML patient resistant to normal chemo-
therapy.  
 
The treatment of CML and AML could have as potential targets the proteasome and HSP70, as it has 
been demonstrated in the previous chapters. The 26S proteasome degrades various proteins critical 
to cancer cell survival, such as cyclins, tumour suppressors, BCL-2, and cyclin-dependent kinase 
inhibitors. Inhibition of these degradations sensitizes cells to apoptosis. Bortezomib upregulates the 
activity HSP70 proteins, together with proteins such as Noxa, Bcl-2 and Mcl-1 which are central in 
the apoptosis pathways. Due to the upregulation activities, Bortezomib is shown to trigger both 
caspase dependent and independent apoptosis (Selimovic D. et al, 2013). Bcl-2 and the proteasome 
are strongly connected; posttranslational modification of Bcl-2, such as dephosphorilation followed 
by stimuli by Tumour Necrosis Factor alpha (TNFα), induces ubiquitin-dependent degradation of the 
anti-apoptotic protein Bcl-2 (Breitschopf K., et al., 2000). Bortezomib, being a proteasome inhibitor, 
could potentially facilitate the degradation of Bcl-2 protein, restoring the balance between pro-
apoptotic and anti-apoptotic proteins. However, the treatment with Bortezomib seemed to give 
opposite and conflictual results. A study by (Perez-Galan P. et al, 2006) have demonstrated that a 
conformational change might occur on Bax and Bak due to Bortezomib administration on patients 
with mantle cell lymphoma. Also, Bortezomib seemed to induce upregulation of NOXA, clear sign of 
apoptosis regulated by mitochondrial pathway. Bortezomib also seemed to upregulate MCL-1 which 
is a protein that interacts with pro-apoptotic proteins Bax and Bak inhibiting them. Following 
treatment with Bortezomib restored apoptosis signals; this was obtained also with combined 
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therapy with fludarabine or small interfering RNA on melanoma cells (Qin J.Z., et al., 2006). 
Bortezomib seems to induce apoptosis in a caspase independent fashion, involving caspase 8 
instead. This suggests that Bortezomib could induce apoptosis also on diseases or patients where 
Bcl-2 is not inhibited or it is less sensitive to Bcl-2. Interestingly a study by (Chauhan D. et al, 2005), 
demonstrated that the combined therapy between Bortezomib and another proteasome inhibitor 
called NPI-0052 blocked proteasome activity in multiple myeloma cells. Further, it has been 
suggested that caspase 8 and caspase 9 may be responsible for the cell death, data which were 
confirmed when caspase 8 and caspase 9 were inhibited, resulting in a reduced death cell ratio. It 
was also concluded that Bortezomib can induce apoptosis via mitochondrial permeabilization, 
therefore somehow inhibiting Bcl-2, whilst the other proteasome inhibitor failed to do so (Chauhan 
D. et al, 2005).  
 
Pifithrin-µ has been only recently considered as an HSP70 inhibitor; originally it was indeed 
developed as a p53 inhibitor. Specifically, Pifithrin-µ inhibits the translocation to the mitochondria of 
p53 without affecting the posttranscriptional mechanism. Bcl-2 therefore, it is regulated by p53 
activity; it has been suggested that Pifithrin-µ is able to rescue DoHH2 and MCA cells from cell death 
in combination with Nutlin, a small molecule that activates p53 pathway. The results suggested that 
Pifithrin-µ may induce apoptosis in Bcl-2 and p53 independent fashion and further confirmed Bcl-2 
role in cell survival (Drakos E. et al, 2010). The potential role in CML and AML treatment of HSPIs and 
Bortezomib would benefice from further studies with respect of apoptosis cascade signalling, 
particularly with respect of the relation between HSP72 and Bcl2.  A potential answer to these 
questions may be given by the results of this study, whose aims are list in the following section.  
 
The aims of this chapter are:  
 To investigate the effects of combined and single agent therapy of HSPIs and Bortezomib on 
HSP72 inhibition on K562 cells.  
 To investigate the effects of combined and single agent therapy of HSPIs and Bortezomib on 
HSP72 inhibition on U937 cells.  
 To investigate the effects of combined treatment and single agent therapy of HSPIs and 
Bortezomib on Bcl-2 levels on U937 cells.  
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5.2. METHODS.  
 
5.2.1 Cell culture 
 
K562 and U937 cell lines were used for these set of experiments. The cells were cultured and 
subdivided as described in Chapter 2.3.1. Both cell lines were treated at a 1x106 cells\ml 
concentration.  
 
5.2.2. Cells treatment for flow cytometry assays 
 
K562 and U937 cells were plated and treated as described on Chapter 2.3.5.3. 
 
5.2.3. HSP72 expression on flow cytometry  
 
The assay was performed as described on Chapter 2.3.7.2. In this section is important to highlight 
how the analysis of the data was performed and how the results are visualized on the results 
section. Importantly, the assay and the HSP70 FITC measured HSP72 inhibition; HSP72 belongs to the 
HSP70 family and it is overproduced in case of cellular stress (M. P. Mayer and B. Bukau, 2005). The 
FITC HSP70 antibody (Stressmarq) used specifically binds to the stress-inducible form HSP70, which 
is represented by HSP72. To measure HSP72 expression, the treated cells were either probed with 
HSP70 antibody, or were not probed to have a negative control for each treatment. A probed live 
untreated cells was also used to set a threshold: high signal intensity caused the shift to the right of 
such threshold. This happened on treated cells, for example. On the contrary, control with no 
antibody did not show a high intensity and there was no shift in respect of the threshold. Below 
there is an example of two different histograms which represent a control of treated cells with no 
FITC HSP70 antibody and treated cells with FITC HSP70 antibody. Purely as an example, 12.5 µM 
single agent on K562 cells was chosen.   
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Fig 5.2.3.1. Example of histograms of HSP70 inhibition on flow cytometer: the first histogram 
represents live cells with no HSP70 FITC antibody; there is no signal and the cells do not pass the set 
threshold (A). On the contrary, the second histogram represents treated cells with FITC HSP70 
antibody; the population shifted to the right of the red line because of high signal intensity, 
indicating the HSP72 expression (B).  
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5.2.4. Bcl-2 expression on flow cytometry  
 
The assay was performed as described on Chapter 2.3.7.2. In this section is important to highlight 
how the analysis of the data was performed and how the results are visualized on the results 
section. U937 cells were plated on a 96 wells plate with single agent concentrations of HSPIs (12.5 
µM) and Bortezomib (15.6 nM and 31.2 nM). Alternatively, one drug (one of the HSPIs or 
Bortezomib) was added to the cells for one hour; then the other drug (one of the HSPIs or 
Bortezomib) was added following this hour of treatment and the plate with K562 and U937 cells was 
incubated at 37 °C for 6 hours. To measure Bcl-2 levels, the treated cells were either probed with 
anti-Bcl-2 antibody, or were not probed to have a negative control for each treatment. A probed live 
untreated cells was also used to set a threshold: high signal intensity caused the shift to the right of 
such threshold. This happened on treated cells, for example. On the contrary, control with no 
antibody did not show a high intensity and there was no shift in respect of the threshold. The data 
for each triplicate of probed cells (treated cells and probe control) were collected and graphed using 
GraphPad Prism™ 6 version 6.05. Below there is an example of two different histograms which 
represent a control of cells with no FITC anti-Bcl-2 antibody and treated cells with FITC anti-Bcl-2 
antibody. Purely as an example, the combination 12.5\31.2 of Pifithrin-µ and Bortezomib was 
chosen.  
            
 
 
 
 
 
 
 
 121 
 
Fig 5.2.4.1. Example of histograms of Bcl-2 levels on flow cytometer: the first histogram represents 
live cells with no anti-Bcl-2 antibody; there is no signal and the cells do not pass the set threshold 
(A). On the contrary, the second histogram represents treated cells with FITC anti-Bcl-2 antibody; the 
population shifted to the right of the red line because of high signal intensity, indicating the Bcl-2 
expression (B).  
 
 
 
5.2.5. Statistical analysis  
All the statistical analysis were performed according to what described on Chapter 2.3.8.  
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5.3. RESULTS 
 
5.3.1. HSP72 expression following combined treatment of Pifithrin-µ and Bortezomib on 
K562 cells 
 
Following one hour of treatment with Pifithrin-µ, Bortezomib was added for 6 hours to K562 cells to 
measure HSP72 inhibition. The inhibition of HSP72 was found in 95.93 % of the cells when Pifithrin-µ 
was added as single agent at 12.5 µM. When Bortezomib was added following an hour of Pifithrin-µ 
treatment, HSP72 was inhibited in 85.47 % of the cells (12.5\15.6 combination) and in 95.08 % of the 
cells when 31.2 nM was added. Similarly, when Bortezomib was added as single agent, HSP72 was 
inhibited in 95.01 % of the cells (15.6 n M) and in 89.08 % when the dose was 31.2 nM. All the 
concentrations were statistically compared to their respective control, resulting all significant 
different as (P<0.0001). Also, the drug concentrations were all compared to each other and no 
difference was found.  
 
When Bortezomib was added first, the inhibition of HSP72 was not relevantly different from the 
experiment previously described. Indeed, when Bortezomib was added as single agent at 15.6 nM, 
HSP72 was inhibited in 96.80 % of K562 cells; Bortezomib at 31.2 nM inhibited 96.37 % of the cells. 
With respect of combined therapy, when 15.6 was added to 12.5 µM Pifithrin-µ following an hour, 
the cells where HSP72 was inhibited were 95.24 %. Also, the combination 12.5\31.2 showed a HSP72 
inhibition in 97.19 % of the cells. When Pifithrin-µ was added as single agent the HSP72 inhibition 
was found in 94.82 % of the cells. All the concentrations were statistically compared to their 
respective control, resulting all significant different as (P<0.0001). Also, the drug concentrations 
were all compared to each other and no difference was found.  
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Fig. 5.3.1.1. HSP72 expression in K562 cells following 1h Pifithrin-µ and 6h Bortezomib combined 
treatment. K562 cells (1x106 cells\ml) were analysed on the flow cytometer following the combined 
treatment to investigate HSP72 expression. Data are presented as mean ± SD, n=3. **** (P<0.0001) 
using one way ANOVA Dunnett's multiple comparisons test. Data are all compared to live cells control 
untreated, which were expressing 100 % of HSP72. Following the treatment, the treated cells were 
not expressing HSP72, as suggested by the shifting downwards the FL1 channel on the flow cytometer. 
This indicated HSP72 inhibition. 
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Fig. 5.3.1.2. HSP72 expression in K562 cells following 1h Bortezomib and 6h Pifithrin-µ combined 
treatment. K562 cells (1x106 cells\ml) were analysed on the flow cytometer following the combined 
treatment to investigate HSP72 expression. Data are presented as mean ± SD, n=3. **** (P<0.0001) 
using one way ANOVA Dunnett's multiple comparisons test. Data are all compared to live cells control 
untreated, which were expressing 100 % of HSP72. Following the treatment, the treated cells were 
not expressing HSP72, as suggested by the shifting downwards the FL1 channel on the flow cytometer. 
This indicated HSP72 inhibition. 
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 5.3.2. HSP72 inhibition following combined treatment of PES-CL and Bortezomib on K562 
cells 
 
K562 cells were also treated with PES-CL and Bortezomib, in combination and as single agents. When 
PES-CL was added as single agent, 96.67 % of the cells showed HSP72 inhibition. Following an hour 
treatment with PES-CL, 15.6 nM Bortezomib was added to the PES-CL – treated cells; 89.06 % of the 
cells showed to have HSP72 inhibition. When 31.2 nM Bortezomib was added to PES-CL – treated cells, 
96.81 % of them resulted to inhibit HSP70. As single agent, Bortezomib showed to inhibit 94.48 % of 
the cells (15.6 nM) and 96.36 % (31.2 nM). Similar to what performed with Pifithrin-µ\Bortezomib 
combination, the concentrations resulted statistically different as (P<0.0001) when they were 
compared to their respective controls. Also, when the drug combinations were compared to each 
other, they did not appear to be statistically significant (Fig. 5.3.2.1.) 
 
When Bortezomib was administered first, the results did not differ from the previous experiment. 
Indeed, at 15.6 nM Bortezomib single agent 93.22 % of K562 cells appeared to inhibit HSP72. When 
Bortezomib was added as 31.2 nM, 93.95 % of the cells showed an HSP72 inhibition. Following an hour 
of Bortezomib treatment, PES-CL was added to the two concentrations. When PES-CL was added to 
15.6 nM, HSP72 was inhibited in 94.65 % of K562 cells, whilst when PES-CL was added to 31.2 nM the 
HSP72 inhibition was found in 96.38 % of the cells. Also, when PES-CL was added as a single agent, 
HSP72 inhibition was detected on 94.42 % of K562 cells. Consistent to the previous experiments, the 
concentrations resulted statistically different as (P<0.0001) when they were compared to their 
respective controls. Also, when the drug combinations were compared to each other, they did not 
appear to be statistically significant (Fig. 5.3.2.2.)  
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Fig. 5.3.2.1. HSP72 expression in K562 cells following 1h PES-CL and 6h Bortezomib combined 
treatment. K562 cells (1x106 cells\ml) were analysed on the flow cytometer following the combined 
treatment to investigate HSP72 expression. Data are presented as mean ± SD, n=3. **** (P<0.0001) 
using one way ANOVA Dunnett's multiple comparisons test. Data are all compared to live cells control 
untreated, which were expressing 100 % of HSP72. Following the treatment, the treated cells were 
not expressing HSP72, as suggested by the shifting downwards the FL1 channel on the flow cytometer. 
This indicated HSP72 inhibition. 
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Fig. 5.3.2.2. HSP72 expression in K562 cells following 1h Bortezomib and 6h PES-CL combined 
treatment. K562 cells (1x106 cells\ml) were analysed on the flow cytometer following the combined 
treatment to investigate HSP72 expression. Data are presented as mean ± SD, n=3. **** (P<0.0001) 
using one way ANOVA Dunnett's multiple comparisons test. Data are all compared to live cells control 
untreated, which were expressing 100 % of HSP72. Following the treatment, the treated cells were 
not expressing HSP72, as suggested by the shifting downwards the FL1 channel on the flow cytometer. 
This indicated HSP72 inhibition. 
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5.3.3. Inhibition of HSP72 caused by combined therapy with Pifithrin-µ and Bortezomib on 
U937 cells  
 
The inhibition of HSP72 caused by combined treatment of Pifithrin-µ and Bortezomib was measured 
on U937 cells. When Pifithrin-µ was added first, the results found did not differ much from what as 
been shown for K562. Indeed, when Pifithrin-µ was added as single agent, 93.32 % of the cells inhibited 
HSP70. When 15.6 nM Bortezomib was added to Pifithrin – treated cells, the HSP72 inhibition was 
detected on 89.51 % of the cells. U937 cells were also treated with 12.5\31.2 nM Bortezomib 
combination, resulting in a 91.93 % HSP72 inhibition. Bortezomib as a single agent induced HSP72 
inhibition to 95 % of the cells at 15.6 nM concentration and to 89 % of U937 cells at 31.2 nM. Each 
control, specific to each drug combination, did not show any HSP72 inhibition. Consistent to the 
previous experiments, the concentrations resulted statistically different as (P<0.0001) when they were 
compared to their respective controls. Also, when the drug combinations were compared to each 
other, they did not appear to be statistically significant (Fig. 5.3.3.1.).  
 
When Bortezomib was added first, the HSP72 levels of inhibition were high, consistent to what found 
in all the previous experiments. At 15.6 nM 93.03 % of the cells showed to have HSP72 inhibited, whilst 
at 31.2 nM the inhibition was found on 84.35 % of U937 cells. When 12.5 µM Pifithrin-µ was added 
following an hour of treatment with Bortezomib, the HSP72 inhibition levels were detected as 91.99 
% (12.5\15.6) and 86.04 % (12.5\31.2). Consistently, each specific control did not show any HSP72 
binding. Also, consistently with previous experiments, the concentrations resulted statistically 
different as (P<0.0001) when they were compared to their respective controls. Also, when the drug 
combinations were compared to each other, they did not appear to be statistically significant (Fig. 
5.3.3.2.). 
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Fig. 5.3.3.1. HSP72 expression in U937 cells following 1h Pifithrin-µ and 6h Bortezomib combined 
treatment. U937 cells (1x106 cells\ml) were analysed on the flow cytometer following the combined 
treatment to investigate HSP72 expression. Data are presented as mean ± SD, n=3. **** (P<0.0001) 
using one way ANOVA Dunnett's multiple comparisons test. Data are all compared to live cells control 
untreated, which were expressing 100 % of HSP72. Following the treatment, the treated cells were 
not expressing HSP72, as suggested by the shifting downwards the FL1 channel on the flow cytometer. 
This indicated HSP72 inhibition. 
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Fig. 5.3.3.2. HSP72 inhibition in U937 cells following 1h Bortezomib and 6h Pifithrin-µ combined 
treatment. U937 cells (1x106 cells\ml) were analysed on the flow cytometer following the combined 
treatment to investigate HSP72 expression. Data are presented as mean ± SD, n=3. **** (P<0.0001) 
using one way ANOVA Dunnett's multiple comparisons test. Data are all compared to live cells control 
untreated, which were expressing 100 % of HSP72. Following the treatment, the treated cells were 
not expressing HSP72, as suggested by the shifting downwards the FL1 channel on the flow cytometer. 
This indicated HSP72 inhibition. 
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5.3.4. Inhibition of HSP72 caused by combined therapy with PES-CL and Bortezomib on 
U937 cells  
 
PES-CL single agent resulted to inhibit HSP72 to 96.13 % of U937 cells; when 15.6 nM Bortezomib was 
added following one hour of treatment with PES-CL, 89.05 % of U937 cells inhibited HSP72 activity. 
The 12.5\31.2 combination inhibited HSP72 to 90.56 % of cells, whilst 95.98 % of the cells inhibited 
HSP72 when Bortezomib was added as single agent at 31.2 nM. Also, 15.6 nM Bortezomib single agent 
inhibited the protein activity to 96.80 % of U937 cells. Generally, the combinations inhibited less cells 
than the single agent concentrations, although the inhibition was overall high. All the controls resulted 
not inhibiting HSP72 protein; only the control 12.5 µM resulted in 8.24 % of inhibition. Consistently to 
what found in the previous experiments, all the concentrations were compared to their respective 
control, resulting significantly different as (P<0.0001). When only the treated cells were compared 
between them, 12.5\0 resulted different as (P<0.05) when compared to 15.6 nM. The remaining 
concentrations were not significantly different (Fig. 5.3.4.1.).  
 
When Bortezomib was added first as a single agent, the HSP72 inhibition was found in 91.86 % of U937 
cells (15.6 nM) and in 87.06 % (31.2 nM). Following an hour treatment with Bortezomib, PES-CL was 
added; when in combination with 15.6 nM, 80.63 % of the cells inhibited PES-CL. The 12.5\31.2 
combination resulted in an inhibition of HSP72 in 86.07 % U937 cells. When PES-CL was added as single 
agent, 89.77 % of cells inhibited the protein. Each control did not result inhibiting HSP72; also, the 
concentrations of treated cells did not result significantly different when compared to each other. 
Instead, the comparison between each control and its respective treatment resulted in a difference 
as (P<0.0001), as shown in Fig.5.3.4.2.  
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Fig. 5.3.4.1. HSP72 expression in U937 cells following 1h PES-CL and 6h Bortezomib combined 
treatment. U937 cells (1x106 cells\ml) were analysed on the flow cytometer following the combined 
treatment to investigate HSP72 expression. Data are presented as mean ± SD, n=3. **** (P<0.0001) 
using one way ANOVA Dunnett's multiple comparisons test. Data are all compared to live cells control 
untreated, which were expressing 100 % of HSP72. Following the treatment, the treated cells were 
not expressing HSP72, as suggested by the shifting downwards the FL1 channel on the flow cytometer. 
This indicated HSP72 inhibition. 
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Fig. 5.3.4.2. HSP72 expression in U937 cells following 1h Bortezomib and 6h PES-CL combined 
treatment. U937 cells (1x106 cells\ml) were analysed on the flow cytometer following the combined 
treatment to investigate HSP72 expression. Data are presented as mean ± SD, n=3. **** (P<0.0001) 
using one way ANOVA Dunnett's multiple comparisons test. Data are all compared to live cells control 
untreated, which were expressing 100 % of HSP72. Following the treatment, the treated cells were 
not expressing HSP72, as suggested by the shifting downwards the FL1 channel on the flow cytometer. 
This indicated HSP72 inhibition. 
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5.3.5. Bcl-2 expression on U937 cells following combined therapy with Pifithrin-µ and 
Bortezomib  
 
Following an hour of treatment with Pifithrin-µ, 15.6 nM and 31.2 nM Bortezomib was added to the 
cells for 6 hours and Bcl-2 levels were measured on the flow cytometer. Bcl-2 was found in 68.16 % 
of U937 cells when Pifithrin was added alone and in 57.8 % of cells when 15.6 nM Bortezomib was 
added as single agent, resulted significant as (P<0.05). At 31.2 nM Bcl-2 was found in 64.22 % of the 
cells, whilst when it was added to Pifithrin-µ treated cells the percentage found was of 60.86 % 
(P<0.05). The lowest percentage of Bcl-2 levels was found when 15.6 nM Bortezomib was added 
following an hour of Pifithrin-µ treatment (P<0.05); 53.68 % of U937 cells expressed Bcl-2 protein 
following this combination. The treated cells were also all compared to each other and no significant 
difference was found, as shown on Fig. 5.3.5.1.  
 
Similar analysis was performed on the flow cytometer when Bortezomib was added for an hour and 
Pifithrin-µ was subsequently added for 6 hours. As single agent 15.6 nM Bortezomib induced Bcl-2 
expression in 69.67 % (P<0.05) of the cells, whilst the protein was found in 48.90 % of U937 cells at 
31.2 nM Bortezomib single agent (P<0.001). Interestingly, similar values were found when Pifithrin-µ 
was added to 15.6 nM and 31.2 nM; Bcl-2 was found in 64.56 % of the cells at 12.5\15.6 (P<0.05) and 
in 64.89 % (P<0.05) of cells at 12.5\31.2. Lastly, 12.5 µM Pifithrin-µ single agent induced Bcl-2 
expression in 59.93 % (P<0.01) of U937 cells. Consistently to what mentioned in the previous 
paragraph, the treated cells were also compared to each other and no statistical significant 
difference was found (Fig. 5.3.5.2.).  
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Fig. 5.3.5.1. Bcl-2 expression in U937 cells following 1h Pifithrin-µ and 6 h Bortezomib combined 
treatment. U937 cells (1x106 cells\ml) were treated with the drug combinations and Bcl-2 levels 
were measured as % of cells expressing the protein following the treatment. Data are presented as 
mean ± SD, n=3. *(P<0.05), using one-way ANOVA Dunnett's multiple comparisons test. Data are all 
compared to live cells control untreated.  
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Fig. 5.3.5.2. Bcl-2 expression in U937 cells following 1h Bortezomib and 6h Pifithrin-µ combined 
treatment. U937 cells (1x106 cells\ml) were treated with the drug combinations and Bcl-2 levels 
were measured as % of cells expressing the protein following the treatment. Data are presented as 
mean ± SD, n=3. *(P<0.05), ** (P<0.01), *** (P<0.001) using one-way ANOVA Dunnett's multiple 
comparisons test. Data are all compared to live cells control untreated.  
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5.3.6. Bcl-2 expression in U937 cells following combined therapy with PES-CL and 
Bortezomib  
 
Levels of Bcl-2 protein were measured on U937 cells on the flow cytometer following a subsequent 
combined therapy with PES-CL and Bortezomib. PES-CL was added for an hour as a single agent and 
Bcl-2 was found on 91.24 % of the cells; when 15.6 n M Bortezomib was added following an hour of 
PES-CL treatment, Bcl-2 was found on 93.27 % of U937 cells. On the other combination 12.5\31.2, 
the protein was expressed in 93.30 % of the cells. Less protein was found when Bortezomib was 
added as single agent, although still relevant; Bcl-2 was found in 82.17 % of cells at 15.6 nM (P<0.01) 
and in 85.33 % of cells (P<0.05) at 31.2 nM. (Fig. 5.3.6.1.) 
 
Similar approach was taken to measure Bcl-2 levels when Bortezomib was added first followed by 6 
hours treatment with PES-CL. 15.6 n M Bortezomib as single agent resulted to induce Bcl-2 
expression in 40.97 % of U937 cells (P<0.0001), whilst the combination with 12.5 µM PES-CL resulted 
in Bcl-2 expression in 60.76 % (P<0.01). An equal result was found on the combined concentration 
12.5\31.2, where Bcl-2 was found in 60.96 % of U937 cells (P<0.01). When 31.2 n M Bortezomib was 
added as a single agent, Bcl-2 was found in 67.07 % (P<0.05) of the cells. Lastly, 91.06 % of U937 cells 
expressed Bcl-2 when PES-CL was added as single agent. The treated cells with stain were also all 
compared between them, again without showing any statistical significant difference (Fig. 5.3.6.2.) 
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Fig. 5.3.6.1. Bcl-2 expression in U937 cells following 1h PES-CL and 6 h Bortezomib combined 
treatment.   U937 cells (1x106 cells\ml) were treated with the drug combinations and Bcl-2 levels 
were measured as % of cells expressing the protein following the treatment. Data are presented as 
mean ± SD, n=3. *(P<0.05), ** (P<0.01), using one-way ANOVA Dunnett's multiple comparisons test. 
Data are all compared to live cells control untreated.  
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Fig. 5.3.6.2. Bcl-2 expression in U937 cells following 1h Bortezomib and 6h PES-CL combined 
treatment. U937 cells (1x106 cells\ml) were treated with the drug combinations and Bcl-2 levels 
were measured as % of cells expressing the protein following the treatment. Data are presented as 
mean ± SD, n=3. *(P<0.05), (P<0.01), (P<0.0001), using one-way ANOVA Dunnett's multiple 
comparisons test. Data are all compared to live cells control untreated.  
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5.4. DISCUSSION 
 
5.4.1. HSP72 inhibition on K562 and U937 cells following combined treatment with HSPIs 
and Bortezomib 
 
The combination between Pifithrin-µ and Bortezomib resulted in an inhibition of HSP72 on both 
combinations and also when the drugs were added as single agents. Importantly, for example on 
K562 cells, the results were similar independently from single agent administration or combination, 
when Bortezomib was added first (Fig.5.3.1.2.). There was no difference between the different 
treatments, suggesting two main conclusions: firstly, Bortezomib and Pifithrin-µ seems to strongly 
interact in a specific fashion with HSP72, therefore potentially inhibiting its activity. Secondly, 
Pifithrin does not seem to enhance Bortezomib activity.  A partial confirm of the interfering activity 
of Pifithrin-µ could be found in the study by Ishaq M., et al., (2016). In human bladder cancer cells 
the combination between Pifithrin-µ and gambogic acid (GA) switched the cell death from caspase 
dependant apoptosis to caspase independent apoptosis. Interestingly, GA did not specifically bind to 
HSP72 as Bortezomib seems to do; therefore, the targets of these two drugs could be different and 
their action could potentially be synergic. Also, GA normally induces caspase-dependant apoptosis 
on leukemic cell lines, normally detected by Annexin V channels on the flow cytometer, as also 
stated by Gausdal G., et al., (2004). Also, similarly to this study, there was no synergy between the 
two drugs; this further confirms that Pifithrin-µ could play a role an important role in apoptosis, but 
not when in combination with other drugs. To note, Ishaq M., et al., (2016) have demonstrated the 
possible antagonistic effect of Pifithrin-µ on bladder cancer cell lines on a 24 h time course and using 
higher and increasing concentrations of Pifithrin-µ, 20 µM and 40 µM. It is not clearly stated the 
reason of the choice of such concentrations and the time of treatment, as it is attempted to do in 
this thesis. However, this research indicates also that the inhibition of HSP72 could affect the 
caspase – dependant signalling cascade, leading to an independent apoptosis type of cell death. 
Bladder cancer cells were treated with GA and Pifithrin-µ for 24 hours (40 µM again) following a 
treatment with z-VAD-fmk (a pancaspase inhibitor), showing no effect on cell death whether on 
combined therapy or single agents; this indicates that Pifithrin-µ and the HSP70 inhibition could play 
an important role in the independent cell death in bladder cancer cells. However, there was no 
significant difference between all the drug concentrations; therefore, the HSP72 inhibition was 
caused in high percentage and it is difficult to fully understand how antagonistic these drugs could 
be in respect of HSP72 inhibition.   
 
U937 cells were more responsive than K562 cells to the treatment in terms of apoptosis percentages 
and effects on cell viability (Fig.5.3.3.2.). The results of this study tend to agree with what has been 
demonstrated by (Leu J.I., et al., 2011). Indeed, the drugs Pifithrin-µ and Bortezomib were tested 
together in combination and separately on two different cell lines (H1299 and A875 cells). The 
results have shown an interfered proteasome activity following the combination of Pifithrin-µ and 
Bortezomib; instead, proteasome activity was normally disrupted when Pifithrin-µ and Bortezomib 
were added to the cells separately. The 20s proteasome cleavage suggested that the combination of 
these two drugs do not affect proteasome activity, whether Pifithrin-µ is able to disrupt proteasome 
activity equally to a proteasome inhibitor like Bortezomib and EGCG, like suggested by the 
fluorogenic assay to measure 20s intensity. The treatment was 24 hours long and not 6 hours like in 
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this thesis and the doses were different (20 µM for Pifithrin-µ and 100 n M for Bortezomib). To note 
that this thesis measured the HSP72 inhibition on the flow cytometer only, whether the research 
mentioned above also measured proteasome activity using different techniques such as the 
fluorogenic assay and western blot. Also, the results of this study could perhaps be important to 
understand that HSP72 inhibition occurred in such a shorter time of treatment (6 hours and not 24 
hours) with lower concentrations. Naturally, the cell lines that have been used by these researchers 
are different from K562 cells and U937 cells; however, the results seem to be in agreement with 
what found by (Leu Ji., et al., 2011).   
 
PES-CL resulted to inhibit HSP72 expression almost completely on both cell lines, with no statistical 
difference between single and combined treatment (Fig.5.3.4.1. and Fig.5.3.4.2.). Interestingly, this 
seems to find support in the work by Yerlikaya A., Okur E., Eker S. and Erin N., (2010). Bortezomib 
has been tested with other HSP70 inhibitors such as quercetin, KNK-437 and schisandrin-B on 
melanoma cancer cell lines. Differently from this study, the combined therapy was performed over 
48 hours and the drugs were not added at different times. Following western blot experiments, it 
was determined that 20 µM quercetin and 10 nM Bortezomib did not affect proteasome activity 
whilst these two concentrations alone; in fact, the HSP70 inhibitor seemed to inhibit the apoptosis 
effect of bortezomib, confirming the competitive action of HSP70 inhibitor on Bortezomib. 
Interestingly, quercetin seemed to enhance the apoptosis activity of another proteasome inhibitor 
called MG-132, which was added with quercetin and with the combination quercetin\bortezomib, 
on a very low dose (0.5 µM). Although the cell lines are obviously different and they represent 
different type of cancer, and there was no investigation on the flow cytometer to understand the 
percentage of cells inhibiting HSP70, it could be indicative to confirm that HSP70 inhibitors and 
Bortezomib have an antagonistic effect and that HSP70 inhibition does not necessarily enhance 
proteasome activity. KNK-437 and Schisandrin-B were also tested in combination with Bortezomib, 
confirming that HSP70 inhibition did not improve Bortezomib activity. However, only cell viability 
was measured in this research, limiting the comparison with this study (Yerlikaya A., Okur E., Eker S. 
and Erin N., 2010).   
 
5.4.2. Bcl-2 expression on U937 cells following combined treatment with HSPIs and 
Bortezomib  
 
Interestingly, Bcl-2 expression decreased when Pifithrin-µ and Bortezomib were combined; it 
appeared that the drug subsequently added could not improve the results of the drug firstly 
administered as single agent. For example, when Bortezomib was added first the combination with 
Pifithrin-µ induced Bcl-2 expression to 64 % of the cells on both combined concentrations. The result 
of single agent administration of Bortezomib 15.6 n M, for example, was that 69 % of U937 cells 
expressed the protein (Fig.5.3.5.2.) Although slightly higher, this result was compared to the others 
treatment, showing no significant difference. The failed inhibition of Bcl-2 by Pifithrin-µ and 
Bortezomib could find partial confirmation in what proposed by (Zhuang Y., Berens-Norman HM., 
Leser JS., Clarke P. and Tyler KL., 2016) showed that in order to prevent apoptosis and tissue damage 
during viral encephalitis, Pifithrin-µ can decrease the formation of p53/Bak complexes, avoiding 
apoptosis following reovirus infection of ex vivo brain slice cultures. With this in mind, it appears 
clearer why Bcl-2 is strongly expressed following Pifithrin-µ treatment.  
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Another interesting study by (Drakos E. et al, 2010) showed that 4.8 μ of Pifithrin-µ rescued a 
relevant percentage of nutlin-3a-treated cells (large B-cell lymphoma) from apoptotic cell death, 
according to their Annexin V analysis. Howewer, Pifithrin-µ did not inhibit the release of cytochrome 
c and therefore the accomplishment of apoptosis when Bcl-2 protein was silenced by Bcl-2 
inhibitors. The analysis proposed in this study is based solely on flow cytometry experiments, which 
measured Bcl-2 expression on U937 cells. Although the difference in the target, it suggested that 
Pifithrin-µ could evidently induce apoptosis when Bcl-2 was not expressed and could even promote 
survival in presence of nutrin. This is in agreement with what suggested by this study, where the Bcl-
2 levels are high following combined treatment and single agent treatments, but there is still 
apoptosis following 24 hours or 6 hours of treatment. However, the small dose of Pifithrin-µ resulted 
surprising; perhaps it could be suggested that AML cells may require higher doses of treatment. The 
time of treatment was also not fully and clearly specified, limiting the comparison. 
 
PES-CL – Bortezomib experiments showed that Bcl-2 is not inhibited by single agent or combined 
therapy when PES-CL was administered first. Bcl-2 resulted highly expressed when PES-CL was 
administered first, showing no difference between single agent or combination treatment 
(Fig.5.3.6.1.).  Interestingly, when Bortezomib was administered first, there was a reduction in Bcl-2 
expression; this was particularly evident when Bortezomib was added as single agent at 15.6 nM 
(Fig.5.3.6.2.) Thus, PES-CL seems to interfere with Bortezomib mechanism of action; perhaps one 
hour of PES-CL treatment is potent enough to completely inhibit HSP72 as shown previously, which 
cannot longer assist the proteasome in disrupting Bcl-2 mechanism. On the contrary, one hour of 
Bortezomib treatment alone is enough for Bortezomib to bind to proteasome, reducing Bcl-2 levels, 
although not completely. This indicated that Bortezomib may require a longer time of treatment 
than one hour or six hours when combined to completely inhibit Bcl-2 mechanism. Therefore, Bcl-2 
expression results may suggest that the cells could affect mitochondrial pathway, inhibiting caspase 
activation. Bcl-2 high levels described in this chapter may suggest the involvement of an extrinsic 
pathway of apoptosis, which may involve the inhibition of NFκB pathway preceded by a caspase 
8\10 activation as suggested by Krakstad, C., and Chekenya, M., (2010). The reduced expression of 
Bcl-2 when Bortezomib is administered first with both HSPIs may support this model; indeed, 
Bortezomib appeared to inhibit NFκB pathway on mice (Hsu, S. M., et al., 2015). In partial support of 
the results of this chapter, Lauricella M. et al, (2006) demonstrated that Bortezomib is able to reduce 
Bcl-2 activity on hepatoma cells; however, the cells death is associated with high level of pro-
apoptotic proteins and activation of mitochondrial pathway. The Italian group of researchers also 
proposed a mechanism involving FasL/caspase-8, following changes on Bcl-2 levels, which may agree 
what is proposed in this chapter.  
There is a limited literature on PES-CL mechanism of action on leukemic cell lines; however, the 
combination between PES-CL and Bortezomib and the high level of Bcl-2 as a consequence may be in 
partial agreement with what found by Chauhan et al. (2008). Following treatment with 10 nM of 
Bortezomib and 10 nM of NPI-0052 for 24 hours on multiple myeloma cells, the role and 
involvement of caspase 8 and caspase 9 was evaluated. Indeed, pan-caspase, caspase-8 or caspase-9 
inhibitors were added to the cells with the proteasome inhibitors and cell viability was measured. 
The analysis revealed that Bortezomib apoptosis was induced by mediation of caspase 8 and caspase 
9; indeed, when Bortezomib or the other proteasome inhibitor were in presence of the caspases 
inhibitor the cell viability levels were incredibly higher if compared to the levels of cell viability when 
there was no caspase inhibitor. Although, there was no addiction of caspase inhibitors, high 
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expression of Bcl-2 following PES-CL and Bortezomib treatment are supported by these findings, 
especially considering the experiment where PES-CL was administered first. However, when 
Bortezomib treatment was analysed on western blot with Bax antibody, the mitochondrial extracts 
revealed an important accumulation; this suggests that Bcl-2 has been somehow inhibited by 
Bortezomib, thus not find any association with their previous results. However, this is in agreement 
with what found in this chapter when Bortezomib was administered first. Indeed, the reduction of 
Bcl-2 levels, although partial, may be associated with an increase of pro-apoptotic protein. This 
needs further confirmation in a potential future study. It also surprised that 10 nM could affect 
significantly the cells following 24 hours, although the data were not clearly stated (Chauhan et al., 
2008).   
 
The inhibition of HSP72 by Bortezomib in particular did not completely affect Bcl-2 levels, despite 
the promising results shown on the HSP72 inhibition experiment. This finds partial confirm in what 
suggested by Pei X.Y., et al., (2003) who tested multiple myeloma cells with and without Bcl-2 
inhibitor HA14-1. The Annexin V\PI analysis clearly indicated an improvement in apoptosis levels 
when the Bcl-2 inhibitor was added; importantly, a western blot analysis revealed that alternated 
subsequent administrations of HA14-1 and Bortezomib induced cytosolic release of proteins like 
cytochrome c and DIABLO which are a proof of mitochondrial permeabilization and, therefore, 
mitochondrial pathway. This is in partial agreement with what showed with Pifithrin-µ and 
Bortezomib treatment; there was a reduction of Bcl-2 expression, independently from which drug 
was administered first. Indeed, there was no significant difference between the whole range of 
concentration on the two experiments, indicating that one hour of treatment with a drug may be 
enough to antagonize the other drug, similarly to what proposed with PES-CL. Although relevant 
differences between the two studies, such as different techniques, cell lines and different 
treatments, there is the indication that when Bcl-2 is not inhibited, like in the results presented in 
this chapter, there is no mitochondrial damage. When Bcl-2 is inhibited, there is the release of pro-
caspase proteins, sign of apoptosis activated by mitochondrial damage (Pei X.Y., et al., 2003).   
 
Taken together, these results show that PES-CL and Pifithrin-µ are able to bind to HSP72, strongly 
inhibiting its chaperone activity and therefore stopping Bcl-2 disruption in the proteasome. 
Particularly, PES-CL administered first appear to completely stop Bcl-2 cleavage, confirming that it is 
a more potent drug than Pifithrin-µ. On the contrary, when Bortezomib is administered first, one 
hour of treatment is not enough to affect Bcl-2 expression, suggesting that a longer time of 
treatment may perhaps completely lead to Bcl-2 cleavage. Therefore, it is proposed that the cells die 
by an apoptosis mechanism which is independent by caspase signalling cascade. However, it is not 
still clear if these drugs always cause apoptosis independently from the mitochondrial involvement, 
as it is also shown above by part of the literature. Perhaps, 6 hours is not a sufficient time to trigger 
the release of cytochrome c and the consequent caspases 3-7 signals cascade; indeed, this could 
potentially explain the Bcl-2 expression. To further evaluate this, future experiments could point to 
perform the same experiments with a longer treatment and, also, possibly investigate the expression 
of pro-apoptosis protein such as Bax and Bak.    
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CHAPTER 6: DISCUSSION AND CONCLUSION  
 
6.1. Discussion 
 
Cancer can be considered as one of the most important disease of the past century, not only for the 
importance that it undoubtedly plays in our society, but also for the constant discoveries that are 
made in the attempt to find cure for all the types of cancer. Chemotherapy is the most common type 
of treatment and research has made several positive steps toward curing the disease. Further, the 
aim of oncologists and researchers is to specifically kill cancer cells while minimising damage to 
normal cells. What was probably a utopic dream a few decades ago, where chemotherapy was 
aiming to kill all the tumour cells, it is now possible (Flaherty, K. T., 2006). On CML and AML the need 
of a more selective treatment has led to the development of the first new biological drugs; the first 
one ever created was Imatinib, which is still currently in use for the treatment of these types of 
leukaemia (Druker B.J. et al, 2006 and Hochhaus, A. et al, 2017 and Barratt, D. T., & Somogyi, A. A., 
2017). A TT drug is extremely selective for their target; particularly, it would specifically aim to 
restore apoptosis signalling cascades in cancer cells. This is fundamental for the choice of treatment 
and mostly for the health of a patient, which would avoid side effects given by chemotherapy or it 
would have reduced side effects (Stone R.M. et al, 2017 and Langer, S. W., 2014).  
 
The overall aim of this thesis was to investigate the effects of a combination therapy on cell viability 
and apoptosis on leukemic cell lines. On leukaemia, one of the factors associated with poor 
prognosis is the overexpression of HSP protein, particularly HSP70 and HSP90 (Murphy M.E., 2013). 
Also, overexpression of HSP70 was found on BCR-ABL cells, leading to resistance to Imatinib 
treatment (Pocaly M. et al, 2007). HSP70 is also overexpressed on its stress-inducible form HSP72 on 
melanoma and on prostate cancer (Lazaris A.C., et al., 1995 and Abe M., et al., 2004). Also, the 
overexpression of HSP72 on mice model has been documented (Seo J.S. et al, 1996 and Volloch V.Z. 
and Sherman M.Y., 1999). The HSPs main role is a chaperone role, which means that they assist the 
correct folding or elimination of proteins by recognizing the polypeptides that need to be degraded. 
These proteins, through a process known as ubiquitination (from the protein ubiquitin) and through 
the assistance of HSPs, are destined to the proteasome where they are degraded. In cancer, the 
proteasome is not able to maintain the normal and appropriate levels of intracellular protein, 
leading to higher levels or pro-survival proteins than pro-apoptotic proteins, ultimately causing cell 
survival and tumour growth (Esser, C., et al., 2004 and Voorhees, P. M., et al., 2003). Disfunction in 
normal proteasome activity has been found on leukaemia, on AML for example (Csizmar, C. M., et 
al., 2016 and Niewerth, D., et al., 2013). Abnormal proteasome activity has also been found on 
pancreatic cancer and on multiple myeloma (Bold, R. J., et al., 2001 and Obeng, E. A., et al., 2006). 
The proteasome became therefore a target for cancer therapies, considering its crucial role in the 
cell survival and resistance to treatment. The proteasome inhibitors have been developed to re-
establish the normal proteasome activity by inducing apoptosis which leads to the disruption of the 
pro-survival proteins (Adams J. et al, 1999).   
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With this in mind, it seemed interesting to further understand if these two targets can be 
successfully candidate for targeted therapy in a combination. More specifically, could designed HSPIs 
and designed PIs affect cell viability and induce apoptosis to leukemic cells? Also, could these drugs 
kill leukemic cells with small doses, attempting to be as selective and less toxic as possible? This 
thesis attempts to answer to these questions, also suggesting a proposed mechanism of apoptosis.  
 
Initially, two leukemic cell lines representing two types of leukaemia (Chronic Myeloid Leukaemia 
and Acute Myeloid Leukaemia) were chosen. The use of human cell lines is crucial for in vitro 
experiments, because it allows to mimic what could potentially happen in vivo, whether on animals 
or on human patients. One cell line originated by a patient with Chronic Myeloid Leukaemia (CML) is 
K562; it was first studied in 1979 by Andersson, L. C., et al., (1979), who first described the 
characteristics of the cell line and it has been widely used in the following decades (Law J.C., et al., 
2016). An important characteristic which led to the choice of this cell line is the percentage of blasts 
(> 30 %), which indicate a blast crisis. It therefore seemed interesting to evaluate the effects of 
treatment on such a critical state of CML, hoping to use the results for an eventual new treatment 
option. U937 cells are cells isolated from a patient with histiocytic lymphoma by Sundstrom C., 
(1976) and extensively used to study monocyte differentiation in diseases with myeloid lineages, 
such as Acute Myeloid Leukaemia, which is the reason why this cell line has been chosen. Similar to 
K562, U937 cells have been studied and analysed throughout the decades to understand the 
production of cytokines, for example, Biswas P. et al, (1998) or to understand the effectiveness of 
drug combinations, for example (Nowak M. et al, 2017).  
 
Following the choice of the cell lines, the next step was to determine the type of treatment. As 
mentioned above, the investigation focused on HSP70 and the proteasome. Therefore, HSP70 and 
proteasome inhibitors needed to be considered; the drugs used and chosen were two HSPIs 
(Pifithrin-µ and PES-CL) and a proteasome inhibitor Bortezomib. Pifithrin-µ was initially designed as a 
p53 inhibitor, but it showed to have an antileukemic activity as HSP70 inhibitor (Kaiser M. et al., 
2011 and Vaseva, A. V., & Moll, U. M., 2009 and Green, D. R., & Kroemer, G., 2009). PES-CL is a 
derivative of Pifithrin-µ and it has shown to be more potent than the parent molecule on leukaemia 
(Budina Kolomets A. et al, 2014 and Balaburski G.M. et al, 2013). Bortezomib is one of the 
commonest agent used in multiple myeloma treatment (Richardson P.G. et al, 2005 and Moreau P. 
et al, 2011); recently, it also demonstrated to be effective in leukaemia treatment (Satou, Y., et al., 
2004 and Horton, T. M., et al., 2006). However, before attempting to treat cells with a combination 
of drugs, the first aim of the thesis was to analyse these drugs firstly as a single agent. HSPIs and 
Bortezomib were administered to K562 cells and to U937 cells for 24 hours and cell viability was 
measured via MTS assay. The range of drug concentrations initially started with high dilutions in 
order to determine the lowest concentrations that could ideally be considered for single agent 
treatment on a potential patient. This resulted in the individuation of three lowest dilutions for 
Pifithrin-µ and PES-CL, which were 50 µM, 25 µM and 12.5 µM on both cell lines (Fig. 3.3.1.1. and 
Fig. 3.3.1.2.). These results partially agreed with a study by Kaiser et al, (2011) which demonstrated 
that Pifithrin-µ affected cell viability on K562 cells on lower doses but on a longer time of 
administration. These results indicate that 24 hours may be enough to severely affect cell viability on 
leukemic cell lines, although there has not been found a further confirmation on literature with 
regards of the drug concentration.  
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Also, PES-CL generally resulted more effective than Pifithrin-µ on both cell lines, with particular 
emphasis on U937 cells (Fig. 3.3.4.2.) where the three concentrations mentioned above killed all the 
leukemic cells following 24 hours of treatment. PES-CL has not been extensively tested on leukemic 
cell lines, although it has been administered to myeloma cell lines (Budina-Kolomets, A., et al., 
2014). The lack of literature on leukaemia is relevant, however the results of this study confirmed 
with the literature just mentioned on the fact that PES-CL seemed to be highly effective, more than 
the progenitor Pifithrin-µ. It is interesting to note that U937 seemed to respond better to treatment 
than K562 cells, especially following PES-CL treatment. The fact that K562 cells represent a CML 
patient in blast crisis, therefore with a blast percentage of more than 20 % in the bone marrow, may 
perhaps be the explanation of the more resistance to treatment if compared to U937 cells; the 
literature currently gives many examples of patients in blast crisis who are treated with various 
therapies to fight the drug resistance to classic treatments such as Imatinib (Saußele S. and Silver 
R.T., 2015). Therefore, it could be speculated that, given the higher percentage of blasts in the bone 
marrow on K562 cells and their tendency to be more resistant to treatment if compared to U937 
cells (Kaiser et al., 2001), a more aggressive treatment with higher doses or longer time course could 
give better results in terms of apoptosis induction.  
 
Following the same approach and principles of the previous paragraph, Bortezomib resulted 
effective on both cell lines; the initial range of concentrations indicated that 15.6 nM and 31.2 nM 
were the lowest concentration that may be used as single agent treatment for 24 hours (Fig. 3.3.5.1. 
and Fig. 3.3.5.2.). This drug is frequently administered to multiple myeloma patients (Kouroukis, T. 
C., et al., 2014), however it has been recently considered as potential treatment option for 
leukaemia. A study by Klikova K. et al. (2015) contradicts what has been found on this study; in fact, 
Bortezomib was tested on K562 cells for 24 hours with a range from 100 nM to 10 nM. Bortezomib 
did not affect cell viability on any of the concentrations of the range. This is opposite to the findings 
of this thesis, which demonstrated that even the minimum dose (15.6 nM) could reduce metabolic 
activity on K562 cells. However, lack of literature on leukemic cell lines may be filled by the results of 
this research and could potentially be a substrate for other researches. However, the results of these 
experiments are to consider as an initial step to the understanding of the effects of such drugs on 
the metabolism of CML and AML cell lines, which are described below.  
 
The following questions that emerged were: do these drugs as single agent affect cell viability on a 
shorter time of treatment? How does the shorter time of treatment affect apoptosis levels? The 
HSPIs were added to both K562 cells and U937 cells every hour up to six hours at the lowest 
concentrations which were chosen following the results of the previous experiments with longer 
time of treatment. Interestingly, six hours resulted to have effects on cell viability on both cell lines, 
affecting more than 50 % of the cells on both cell lines. Also, following one hour of treatment, cell 
viability seemed to be affected, although at a minimal percentage (Fig. 3.3.2.1. and Fig. 3.3.3.1.). 
These results are potentially the first to indicate an initial response to low doses of HSPIs following a 
short period of treatment on leukemic cell lines. This was particularly important considering the 
potential implications that a short time of treatment on low dose such as 12.5 µM could have. A 
similar study by Monma et al, (2013) indicated that 5 hours of treatment with Pifithrin-µ can be 
effective on cell viability; although the experiments were performed on pancreatic cancer cell lines, 
these results together with what found on this study clearly indicate that Pifithrin-µ is a potential 
and promising therapy for different type of cancer. Considering the approach indicated at the 
beginning of the chapter, finding a potential treatment in common for different type of tumours is 
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key; this suggests that HSPs and HSP70 in particular could be inhibited in a short time with a similar 
pattern on different type of cells, with consequential different characteristics.  
 
The effects on cell viability needed to be confirmed by analysing the apoptosis levels on both cell 
lines; indeed, it was interesting to understand if the cells were dying by apoptosis or necrosis, which 
was immediately excluded after the analysis. Very interestingly, the apoptosis levels following 6, 3 
and 1 hour treatment with Pifithrin-µ confirmed that more than 30 % of the cells start to die by 
apoptosis throughout the time course (Fig. 3.3.2.2. and Fig. 3.3.3.2.); following these analysis, it 
appeared that there is no significant difference between the three doses and that there is no 
significant difference between the shortest time of treatment, which are three hours and an hour 
(Table 3.3.2.1. and Table 3.3.3.1.). Although a different drug, the effects on apoptosis of Pifithrin-µ 
can be compared to what induced by Pifithrin-α; Ng, L. T., & Wu, S. J. (2011) indicated that it had an 
important effect on apoptosis on human hepatoma Hep G2 cells, confirming the effectiveness of 
Pifithrin-µ in apoptosis, particularly on the inhibition of Bcl-xl. Also, Pifithrin-α showed to induce 
apoptosis on mice with hepatectomy, not inhibiting liver regeneration; this confirms the tendency of 
Pifithrin-µ to induce apoptosis, although it is not clear how long they treated the mice (Eipel, C., et 
al., 2005). These results are perhaps the first to indicate that at 12.5 µM and following one hour of 
treatment with Pifithrin-µ, CML and AML cell lines start to die by apoptosis. There is no similarity in 
any study, considering this dose and this time of treatment. Perhaps following 3 hours or 1 hour of 
treatment, HSP70 intracellular levels are almost completely inhibited, which may explain how a 
short time of treatment could start to induce apoptosis. However, the apoptosis levels may indicate 
only the state of a cell; despite being a remarkable result, it needed further clarification, which is 
described in the following paragraphs.  
 
Based on a clinical trial on prostate cancer patients (Papandreou C.N. et al, 2004) and on clinical trial 
on lymphomas (Hamilton A.L. et al, 2005) who tested intravenous Bortezomib for one hour 
obtaining encouraging results on proteasome inhibition and also following what suggested by Chen, 
D., et al., (2011) and by the manufacturer (Merck Millipore), Bortezomib was administered to K562 
and U937 cells for one hour. The Annexin V\PI indicated that Bortezomib killed by apoptosis more 
than half of the cells on K562 cells (Fig. 3.3.7.1.) and more than 60 % on U937 cells (Fig.3.3.7.3.). This 
result represent a novel therapy options with respect of CML and AML; Bortezomib has been 
administered for one hour intravenous on multiple myeloma patients (Jung, J. Y., et al., 2014), but 
there is a lack of literature on CML and AML and this work could potentially be beneficial as it 
potentially indicates a new treatment option. The short time of treatment could potentially be less 
toxic for patients who would have a reduced time of treatment and with the possibility of an 
immediate action on killing leukemic cells. However, K562 cells is more resistant to Bortezomib 
treatment than U937, which is consistent to what was previous described. In this sense, the 
sensibility could possibly be explained by the severity of the stage, as previously suggested and 
consistently found here, where perhaps a more aggressive approach needs to be considered.   
 
The second aim of the thesis was to verify the effects of combined therapy on cell viability and 
apoptosis. It has been previously shown that drugs can have a synergistic effect on different type of 
cancer (Cao N, et al, 2015). However, the literature lacks information about the combination 
between HSPIs and Bortezomib on CML and AML cell lines; based on this and on the data previously 
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described, an attempt to understand the possible synergistic effect between these two families of 
drugs was performed. The approach chosen for the investigation on the combined therapy 
depended strongly from the results obtained when the cell lines were treated with the drugs as 
single agents. It was important to determine the concentrations of the two HSPIs and Bortezomib 
that needed to be combined on K562 and U937 cell lines. It seemed a sensible choice to choose 12.5 
µM as a concentration for the two HSPIs, considering that it was the lowest dose to affect cell 
viability starting from one hour up to six hours on both cell lines and, potentially, the least cytotoxic. 
Bortezomib was generally more effective than the HSPIs as a single agent, and in the same fashion, 
the lowest but still effective doses were 15.6 nM and 31.2 nM. Therefore, the cells were treated for 
one hour with Pifithrin-µ or PES-CL and then the cells were treated with Bortezomib for 24 hours. 
Also, to compare the results and investigate which drug could enhance better the protein folding 
activity, Bortezomib was added to both cell lines and Pifithrin-µ and PES-CL were administered to the 
cells for 24 hours.  
 
Following the experiments on cell viability, it appeared that the combination between Pifithrin-µ and 
Bortezomib is not synergistic. Indeed, when HSPIs are administered first, there is an effect on cell 
viability, particularly when Pifithrin-µ is added as single agent. This result appears to be equal for 
PES-CL first administration on K562 (Fig. 4.3.1.1 and Fig. 4.3.1.2.). These results may suggest that 
perhaps in an hour of treatment the HSPIs are able to already bind to their specific target HSP70 and 
affect the proteasome activity by accumulating near the proteasome, perhaps interfering with its 
activity and not allowing Bortezomib to bind to the proteasome. Although different in the choice of 
drugs, a study by Rodriguez, K. A., et al (2014) suggested that Pifithrin-µ seems to enhance the 
proteasome activity on naked mole rat cells by inhibiting HSP72 in combination with another 
proteasome inhibitor (MG-132), indicating that HSPIs and PIs could have a synergistic effect. The 
debate between synergy and antagonism between HSPIs and PIs on leukemic cell lines therefore still 
requires further knowledge.   
 
The metabolism activity on U937 cells resulted more reduced than on K562; it was also clearer that 
HSPIs seem to not enhance Bortezomib activity. Both the HSPIs resulted to be more effective on cell 
viability when they were added to the cells as single agent; interestingly, the percentage of cells with 
affected cell viability where there was a combined treatment resulted the same as when the HSPIs 
were added as single agent (Fig. 4.3.2.1. and Fig. 4.3.3.1.). This clearly suggests that the HSPIs may 
bind to HSP70 and occupy the spaces on the proteasome where Bortezomib was supposed to bind 
to, therefore there was a competitive action between the two drugs. Although it is a different 
treatment, Pifithrin-α appeared to strongly inhibit pro-apoptotic proteins in combination with 
MAPKs inhibitors in human hepatoma PLC/PRF/5 (CD95-negative) cells; particularly Pifithrin-α and 
these inhibitors were pre-treated together to evaluate the effects of cinnamaldehyde, which induces 
caspase dependent apoptosis. Pifithrin-α in combination with MAPK inhibitors strongly affected pro-
apoptosis protein levels; this suggests that Pifithrin-µ could be used in combination with MAPK 
inhibitors, which could be an interesting element of a future study (Wu, S. J., & Ng, L. T., 2007). 
However, Pifithrin-µ and Pifithrin-α both resulted to exert their activity if administered first, in 
support of the findings of this thesis. The antagonistic effect was perhaps even more evident when 
Bortezomib was added to the cells first; on one particular concentration, that is 12.5\15.6, the cell 
viability levels on both cell lines resulted higher than all the other concentrations added to the cells, 
single agent or the other combination (Fig. 4.3.2.2. and Fig. 4.3.3.2.). Again, in partial disagreement 
with these findings, Pifithrin-µ was demonstrated to affect cell viability in combination with TRAIL on 
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pancreatic cancer cell lines, indicating that it can have a synergistic effect with another drug (Monma 
H., et al., 2013). However, the drugs were added at the same time, not subsequently as it has been 
performed on this thesis. With this in mind, it is not possible to state if an eventual subsequent 
treatment similar to what suggested in this study could have had another result.  
 
The analysis with the flow cytometer found partial confirms to what found on MTS assays; 
interestingly, on K562 apoptosis levels were higher when the drugs were combined, independently 
from the time of administration; it was particularly clear on PES-CL – Bortezomib experiments. 
Bortezomib single agent concentrations induced higher levels of apoptosis than combination 
concentrations (Fig. 4.3.5.1. and Fig. 4.3.5.3.). This was expected when Bortezomib was added first, 
not when PES-CL was the first drug to be added for one hour. This was not associated to what was 
previously found on cell viability assays; perhaps, the Annexin V\PI is a more specific and accurate 
assay than MTS assays and could give more detailed information on the state of the cells. However, 
on U937 cells Bortezomib showed an interfering activity; there was no significant difference 
between combination and Bortezomib single agents (Fig. 4.3.6.3.). This may suggest that Bortezomib 
concentrations can induce apoptosis independently from the administration of another drug on 
U937 following 24 hours subsequent treatment. Opposite to these findings, Bortezomib was 
demonstrated to act in a synergic fashion with histone deacetylase inhibitors; MM cells were treated 
with 6 hours of 2.4 nM Bortezomib before administration of the histone deacetylase inhibitors. This 
pretreatment significantly potentiates apoptosis on the cells (Pei X.Y., et al., 2004). The much lower 
dose of Bortezomib and the longer time of pre-treatment are to be considered as an important 
factor in this study. However, this thesis have demonstrate that one hour may be enough to induce 
apoptosis. When the HSPIs were added first, there was an improvement in the apoptosis levels when 
the drugs were combined, not confirming what found on MTS assays; indeed, considering what has 
been demonstrated on the previous chapter, Bortezomib is able to induce apoptosis to 66 % of U937 
cells on both single agent treatment following only an hour treatment (Fig. 4.3.6.1. and Fig. 4.3.7.1.).  
The combined therapy did not improve these results, also considering a longer period of treatment. 
In disagreement with this finding, Yu C., et al., (2003) have demonstrated that Bortezomib (4.5 nM) 
and histone deacetylase inhibitors could induce more apoptosis in combination than when 
administered alone following 48 hours on K562 cells. Perhaps, this indicates that a longer time of 
treatment with Bortezomib may be beneficial in the induction of apoptosis and in the enhancement 
of HSPIs activity.  
 
As suggested previously, these results further confirm that HSPIs and Bortezomib have an 
antagonistic effect and they do not enhance each other activity. When the HSPIs are added first, 
they perhaps bind to HSP72 and they accumulate HSP72 intracellularly near the proteasome, not 
allowing the bound with Bortezomib. When Bortezomib is added first, instead, perhaps it binds to 
the proteasome in one hour and the HSPIs with HSP70 cannot longer bind to the proteasome, 
therefore interfering with proteasome activity. This proposed mechanism is illustrated in Fig. 6.1.1. 
However, Pifithrin-µ and PES-CL mechanism of action and the involvement with HSP70 is not 
completely clear, it is hoped that this could be a possible explanation to a potential antagonistic 
effect between HSPIs and Bortezomib.  
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Fig.6.1.1. Mechanism of antagonistic effect between HSPIs and Bortezomib. (A)The administration 
of HSPIs as first drug causes the accumulation of HSP70 near the proteasome, not allowing the 
interaction between Bortezomib and the proteasome. (B) Bortezomib in one hour administration 
interacts with the proteasome, interfering with the activity of HSPIs and HSP70.  
 
The third aim of the thesis was to investigate more the potential causes of the cell death, in this 
case, the HSP72 expression and its potential role in apoptosis. HSP72 is over-expressed on several 
types of cancer promoting cell survival (Goloudina A.R., et al., 2012). The inhibition of HSP70 can be 
considered a potential target for treatment of leukaemia, as suggested by (Kaiser M. et al, 2011). 
Importantly, Chapter 3 showed how these drugs could start to affect cell viability and have effects 
on apoptosis starting from an hour of administration up to six hours. Considering these results, it 
was decided to continue to investigate the effects of the combined therapy with the doses 
successfully tested on both leukemic cell lines; also, it was determined to treat the cells in a 
subsequent fashion for a maximum of six hours. With this in mind and considering the results 
described previously, HSP72 inhibition was evaluated following a combined treatment with HSPIs 
and Bortezomib. Particularly, HSP72 expression was analysed; it indeed belongs to HSP72 family of 
proteins and it is overexpressed following cellular stress or in cancer (Tavaria, M., et al., 1996). The 
HSPIs and Bortezomib appeared to specifically interact with HSP72, strongly inhibiting its activity. 
Generally, the interaction between HSPIs and Bortezomib to HSP72 appeared to inhibit the protein 
independently from the time of treatment and from the cell line.  
 
Although not significant, there were small differences within the two cell lines. On K562, there was 
no notable difference in terms of HSP72 inhibition when Bortezomib or the HSPIs were added first; 
for example, the HSP72 inhibition on PES-CL-Bortezomib experiments was detected on almost all the 
cells treated, independently from which drug was added first. Importantly, there was no difference 
between the single agent concentrations and the combined concentrations, strongly suggesting and 
confirming that single agent treatment may be enough to treat leukemic cells. (Fig. 5.3.2.1. and Fig. 
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5.3.2.2.). It further confirmed what speculated in chapter 4, where the possible antagonistic effect of 
Pifithrin-µ and Bortezomib was demonstrated when Bortezomib is added first. Certainly, single agent 
treatments are able to selectively interact with HSP72 in a short time of treatment, suggesting a 
significant HSP72 inhibition in a time up to maximum 6 hours. This study partially confirmed what 
found by Leu J.I., et al., (2011), which suggested that Pifithrin-µ and Bortezomib have an antagonistic 
effect. When Pifithrin and Bortezomib were tested separately on different cell lines such as H1299 
(human lung carcinoma cells) or A875 (human melanoma cells) for 24 hours to investigate 20 S 
proteasome activity, it was demonstrated that both drugs impair the proteasome function in the 
same fashion. Although the time of treatment was different, the results of this thesis tend to agree 
with what concluded by their group and the conclusion of antagonistic effect may found comfort in 
this study by Leu J.I., et al., (2011). This study could also be the first to indicate that a short time of 
treatment may be enough to inhibit HSP72 to significant percentage of K562 cells treated.  
 
Similar results were obtained on U937 cells, suggesting that HSP72 can be strongly inhibited on AML 
cell lines and, potentially, on an AML patient. On U937 it was more evident, perhaps, the antagonism 
between the two drugs. Although still significant, when the drugs were combined there was a 
decrease in the HSP72 inhibition indicating a potential contrast between the two drugs activities. 
The proposed antagonism was particularly notable when Bortezomib was added first followed by 6 
hours PES-CL treatment, where it reached the lowest percentage of inhibition, on both combined 
concentration (Fig. 5.3.4.2.). A study by Yerlikaya A., et al., (2010) suggested that HSP72 inhibitor 
quercetin could enhance the activity of proteasome inhibitor MG-132 on B16F10 melanoma cell line; 
this was not found for the HSPIs and the proteasome inhibitor which has been used in this thesis, 
although Bortezomib and the HSPIs used are different drugs. However, this may indicate that the 
synergistic effect between HSPIs and PIs may exist; this needs further studies on leukemic cell lines. 
Considering that Bortezomib specifically interacts with the proteasome causing the aggregation of 
misfolded protein that cannot longer enter the proteasome (Hideshima T., et al., 2011), it was hoped 
that HSP72 inhibition from HSPIs could lead to an enhanced activity of Bortezomib. According to 
these results, what expressed previously and shown on Fig.6.1.1. could be further confirmed. 
Furthermore, this is the first study to test PES-CL as single agent and in combination with Bortezomib 
with respect of HSP72 inhibition on leukemic cell lines.  
 
Following these results, it was concluded that HSP72 may play a crucial role in protein degradation 
and in the consequent apoptosis cascade. For these reasons, it was important to further confirm the 
death by apoptosis by investigating which signalling cascade may be involved following the 
treatment with HSPIs and Bortezomib on a leukemic cell line. Bcl-2 protein is believed to inhibit 
apoptosis in cancer, resulting over-expressed and therefore not allowing pro-apoptotic proteins such 
as Bax and Bak to induce mitochondrial permeabilization and release of cytochrome c. The eventual 
expression of Bcl-2 following a treatment could indicate how the cells are dying, specifically which 
type of apoptosis pathway may be responsible of the cell death (Chipuk, J. E., and Green, D. R., 2008 
and Yang J. et al, 1997). Considering that HSP72 is inhibited by the HSPIs and Bortezomib, as 
suggested by the results mentioned on the previous section, pro-survival proteins are correctly 
degraded, restoring apoptosis pathways. It remained to be understood if the pathway would have 
been intrinsic\mitochondrial or extrinsic, hence the interest in Bcl-2 expression. Significantly, U937 
cells showed to be more responsive than K562 cells to the treatment, with respect of cell viability, 
apoptosis induction and HSP72 inhibition. For this reason, it seemed interesting to perform further 
analysis on a much more responsive cell line.  
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Bcl-2 expression was found high on U937 cells, independently from the combined treatment 
administered, whether it was HSPIs first or Bortezomib first. Indeed, the highest levels of Bcl-2 
expression was found when PES-CL was administered first followed by Bortezomib treatment; there 
was almost no inhibition of the proteins (Fig. 5.3.6.1.). This suggests that PES-CL may strongly affect 
proteasome inhibitor activity by stopping the degradation of Bcl-2, perhaps accumulating HSP70 
near the proteasome. However, when Bortezomib is added first, the levels of Bcl-2 are reduced, 
indicating a partial inhibition (Fig.5.3.6.2.). This is in line with some studies which demonstrated that 
Bortezomib can activate pro-apoptotic proteins when administered alone, (Fennell, D. A., et al., 
2008) and on pancreatic, lung, prostate and breast cancer cell lines (Fahy, B. N., et al., 2005); this 
may suggest that this combination may be a potential choice of treatment in the future. A partial 
inhibition of Bcl-2 expression was found also when Pifithrin-µ and Bortezomib were added to U937 
cells; in this case, Pifithrin-µ does not appear to be potent enough to inhibit Bcl-2 activity completely 
(Fig. 5.3.5.1. and Fig. 5.3.5.2.). Partially supporting this finding, Pifithrin-µ seems to inhibit Bcl-2 
expression also on large B-cell lymphoma; interestingly those cells resulted to die by apoptosis when 
Bcl-2 was inhibited by Bcl-2 inhibitors and not when Pifithrin-µ was administered alone (Drakos E. et 
al, 2010). Multiple myeloma cells resulted to show inhibited Bcl-2 when its specific inhibitor was 
added, result not obtained when Bortezomib was added single agent to the cells. Combined 
treatment with Bortezomib and Bcl-2 inhibitor resulted in expression of cytochrome c, suggesting 
the triggering of the mitochondrial pathway of apoptosis (Pei XY, et al., 2003). Paralleling the results 
of this study with this literature, it appears clear that Bortezomib added first can inhibit Bcl-2 
activity, although not completely. It can be suggested that one hour is not enough for Bortezomib to 
completely restore proteasome activity, balancing the levels of pro and anti-apoptosis proteins 
belonging to Bcl-2 family. This does not find confirm with HSP72 inhibition mentioned previously; 
perhaps, not all the cells are dead following a short time of treatment and a longer time of 
treatment as shown in Chapter 4 may improve apoptosis levels.  
 
However, K562 and U937 resulted to die by apoptosis, as indicated in Chapter 3, following a short 
time of treatment; the high Bcl-2 expression, especially when PES-CL is administered first indicated 
that perhaps the cells may die of a mechanism independent from the mitochondrial pathway (Fleiss 
B. et al., 2015). Indeed, it could be possible that HSPIs inhibit HSP72 which then could not exert its 
ligase activity, causing the stabilization of p50 and RelA (not degraded by the proteasome). Also, 
Bortezomib appears to target NFκb pathway, perhaps by stabilizing the Iκκ complex which stops the 
nuclear translocation and activation of NFκb protein, leading to consequential DNA fragmentation 
and cell death. Caspase 8 and caspase 9 may be involved in triggering the IκB stabilization, as also 
suggested by Chaudhary, P. M., et al., (2000). It is not completely clear how the HSPIs and 
Bortezomib seems to strongly inhibit HSP72 and the proteasome but fail to have a synergistic action; 
therefore, the drug that is added first interfere with the drug subsequently added and it is not able 
to bind to the specific target, not being longer able to exert its mechanism of action as it also shown 
on Fig. 6.1.1. This is reflected in the failed cleavage of the pro-apoptotic protein Bcl-2, which was 
expressed on U937; it could be suggested that the inhibition of NFκB that leads to caspase 8 and 9 
activation may be a possible explanation for the apoptosis that still occurred, according to the 
results obtained in Chapter 3 following a short time of administration and Chapter 4, following 24 
hours combined treatment; Fig. 6.1.2. summarises this proposed mechanism of extrinsic apoptosis 
pathway. However, further studies are needed to investigate more in details how HSP72 inhibition 
could affect apoptosis on leukemic cell lines.  
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Fig. 6.1.2. Proposed mechanism of extrinsic apoptosis pathway following administration of HSPIs 
and Bortezomib on leukemic cells. A: Following stimuli from TNFα or TRAIL or FasL, the DISC 
complex is formed (FADD and pro-caspase 8). However, Iκκβ complex acts as a negative regulator of 
caspases and apoptosis cascade does not occur. At the same time, HSP72 transports Iκκβ to the 
proteasome, where it will be degraded. This event causes the translocation of p50 and RelA to the 
nucleus, inducing the over-expression of Nfκβ protein and consequent cell survival. B: Bortezomib 
selectively binds to the proteasome, stopping Iκκβ from degradation. Therefore, p50 and RelA are 
still bound to Iκκβ and caspases signalling cascade could lead to apoptosis. C: HSPIs inhibit HSP72 
which, in return, is not able to transport Iκκβ to the proteasome for degradation. Pro-caspase 8 
could then be cleavage by proteases into caspase 8 and the cells ultimately die by apoptosis.  
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6.2. Conclusion   
 
Cell viability assays revealed that HSPIs like Pifithrin-µ and PES-CL affect the cell viability of K562 and 
U937 cells over a period of treatment of 24 hours. A further analysis demonstrated that one up to six 
hours may be sufficient to start killing leukemic cells; following three hours of treatment with Pifithrin-
µ, the percentage of cell metabolic activity rose on both cell lines. Importantly one hour of Pifithrin-µ 
treatment is sufficient to start affecting cell viability on both cell lines. Indeed, throughout all the three 
concentrations there was an initial effect following this very short period on both leukemic cell lines. 
Generally, K562 cells generally seemed to be more resistant than U937. These are potentially the first 
findings that demonstrate that one hour of Pifithrin-µ administration is sufficient to affect cell viability 
on K562 and U937. Between the two HSPIs, PES-CL demonstrated to be more effective in respect of 
cell viability, especially on U937, either 24 hours or 6 hours treatment. Equally to what expressed for 
Pifithrin-µ, these are potentially the first findings to define a short time of administration and a low 
concentration for PES-CL as a single agent to two leukemic cell lines.  
 
Apoptosis analysis confirmed the cell viability assays results; importantly, apoptosis was started 
following a short time of treatment and one hour appeared sufficient for the apoptosis to be triggered. 
Importantly, this was confirmed by statistical analysis on Pifithrin-µ treatment, which indicated that 
at the lowest concentration there is no statistical difference between an hour, three hours and six 
hours of treatment. Again, U937 showed to be generally more responsive to treatments with respect 
of apoptosis. These findings are potentially the first to identify the effects of one hour administration 
of Pifithrin-µ on apoptosis on leukemic cell lines. 
 
Bortezomib as a single agent resulted significantly affect cell viability at low doses and following only 
one hour of treatment on both leukemic cell lines. Bortezomib therefore induces early apoptosis on 
both cell lines, following one hour of treatment. U937 cells is consistently more responsive to 
treatment compared to K562 cells, suggesting that treatment on K562 may need a more aggressive 
approach.   
 
A combination of low doses of HSPIs and Bortezomib revealed an antagonist effect on both cell lines 
over a treatment of 24 hours. The drugs were alternatively administered to the cells for one hour and 
the other drug for the remaining 23 hours; it appeared that the cell viability was equally affected when 
the drugs were administered as single agent or as combination. This suggested that whichever drug 
was administered first, HSPIs or Bortezomib, protected the cells from the other drug activity, hence 
the antagonistic effect. The cell viability values were confirmed by Annexin V\PI assays; although some 
data could suggest a possible synergistic effect, especially on one particular combination, this was not 
confirmed by statistical analysis. This could potentially limit the understanding of the potential use of 
these two drugs in a combined therapy; although there was an improvement in apoptosis rate when 
the drugs were combined, the statistical data contradicted the positive outcome of the Annexin V 
results. Apoptosis assays also confirmed PES-CL superiority to Pifithrin-µ in effectiveness on both cell 
lines. Further, U937 appeared to be more sensible to treatment again.  
 
HSP70 resulted strongly inhibited by HSPI’s and Bortezomib on both cell lines; there was no 
significant difference between the treatments, either single or combined agents. This demonstrated 
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further the antagonism between the HSPIs and Bortezomib on both cell lines. It also reinforced the 
theory according to which any drug administered second is not able to enhance the activity of the 
drug first administered to the cells. This supported existing data found on other type of cancer. It 
could be concluded that 6 hours of treatment with low doses of HSPIs and Bortezomib are sufficient 
to inhibit HSP70 on K562 and U937. Also, the antagonistic effect or the not affected proteasome 
activity following combined therapy can be explained by suggesting that Pifithrin-µ could impair the 
proteasome activity by protein aggregation. In other words, Pifithrin-µ and Bortezomib could cause 
the aggregation of proteins when administered first and that could stop the other drug (Pifithrin-µ or 
Bortezomib) to interact with the proteasome and exert its mechanism of action. Furthermore, this is 
the first study to test PES-CL as single agent and in combination with Bortezomib with respect of 
HSP70 inhibition on leukemic cell lines.  
 
High levels of Bcl-2 were found on U937 cells, particularly when PES-CL was administered first. Once 
again, there was no difference between the different concentrations, supporting the antagonistic 
results found previously. However, when Bortezomib was added first to both HSPIs, there was a 
reduction of Bcl-2 levels, indicating this as potential new treatment option. The expression of Bcl-2 
and the apoptosis data of previous experiments suggested that U937 cells may die of extrinsic 
apoptosis, which did not involve the mitochondria and it is therefore independent from caspases 
activation. Therefore, there is the triggering of such extrinsic pathway of apoptosis, where Bcl-2 is 
not deprived of its pro-survival functions and yet K562 of U937 died by apoptosis. This could be in 
line with HSP70 inhibition which therefore cannot transport Bcl-2 to the proteasome, hence the 
failed cleavage of Bcl-2. Bortezomib, in particular, could accomplish so perhaps not directly inhibiting 
HSP70 but impeding the proteins transported by HSP70 to enter the proteasome by selectively 
inhibiting the 26S subunit of the proteasome. A novelty may be represented by a short time of 
treatment which could lead to an extrinsic pathway with low doses on U937 and, perhaps, on K562 
CML cell line. With this in mind and considering the lack of literature in this respect, this study may 
give further knowledge about the combination of HSPIs and Bortezomib on U937 cells with respect 
to understanding the involvement of Bcl-2 in apoptosis. Further, it appears that this could also be 
the first study to further investigate PES-CL and apoptosis signalling cascade in depth. It could be 
concluded that single agent HSPIs and Bortezomib are not able to enhance their activity and that 
their single mechanism of action is able to induce apoptosis at low doses following a short time of 
treatment on leukemic cells. In summary, this thesis highlights and suggests the possibility of a novel 
therapy option with HSPIs and Bortezomib for patients with CML and AML. The scientific guidelines 
for treatment of CML and AML do not really consider these drugs; it is thus hoped that this work 
may represent a potential “stimuli” for expanding the treatment possibilities. Considering the 
percentage of patients who do not respond to current treatments, the possibility of having another 
option which is effective as it is shown here, could be comforting. However, further studies are 
needed to better clarify the mechanism of action of these drugs with respect of the apoptosis 
pathways on leukaemia cell lines.  
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6.3. Limitations  
 
This thesis may possibly give further knowledge on the mechanisms of action of HSPIs and 
Bortezomib and, overall, offer a potential new therapy option to CML and AML patients. However, 
this study has some limitations. Firstly, different other CML and AML cell lines could also have been 
considered to further evaluate the drugs effects on apoptosis and cell viability; this thesis is limited 
to only targeting specific types of leukocytes (e.g. lymphocytes and monocytes). Also, there are 
missing informations on how long the cells need to reach exponential growth; this could have added 
more certainty to when administer drug to cells and therefore more value to the results of cell 
viability and apoptosis experiments.  
The results described in this thesis represent a novelty and may offer potential new therapy 
solutions for CML and AML patients, as it is hoped it emerged in the previous chapters. However, not 
all the experiments performed during the research time have been described in this thesis. As for 
any other research and researcher, there have been some difficulties and technical issues. Perhaps 
the most important one is the not inclusion of western blots experiments; indeed, the western blot 
experiments aiming to veryify HSP72 expression were too uncertain or not presentable to be 
described on this work. Surely, these experiments could have been started earlier in the time course 
of the research, allowing more time to perform more experiments and finally include results on this 
study.  
 
6.4. Future work   
 
This thesis focused on the inhibition of HSP70 and its effects on apoptosis. It would be interesting to 
continue this study to find further information with respect of apoptosis signalling; levels of p53 
protein could be evaluated to further confirm Bcl-2 expression on CML and AML cell lines. Also, pro-
apoptotic proteins such as Bax and Bak could be analysed following the short time of treatment on 
CML and AML cell lines. The experiments could follow the exact same protocol that has been used 
for flow cytometry assays, as indicated in the Methods section of Chapter 5. Also, it could be 
interesting to detect p53 levels using a different technique such as Western Blot on the same cell 
lines.  
Furthermore, given the results of this thesis, it would be interesting also to verify the commitment to 
apoptosis following a longer treatment than what used in this work. This would allow to understand 
if Bortezomib added first could restore proteasome activity as suggested in the final chapter. With 
this in mind, it would also be interesting to investigate proteasome activity through flow cytometry 
or western blot.  
It could also be interesting to combine the HSPIs to other proteasome inhibitors, such as MG-132 
which have been already tested on different cell lines. By doing that, a better comparison between 
Bortezomib mechanism of action and other proteasome inhibitors could be performed. A further 
experiment could also consist in the combined therapy with tyrosine kinase inhibitors and heat 
shock protein inhibitors; those inhibitors have been the first drug to be considered a targeted 
therapy drug. Throughout the years, their importance has grown in the therapy of myeloid 
leukaemia; it would be therefore interesting to test the same doses of HSPIs with tyrosine kinase 
inhibitors in vitro. Similarly it could be performed with Bortezomib too. It would also be interesting 
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to continue to investigate the effects of combination between HSPIs and Bortezomib on other type 
of leukaemia; this could potentially give other options for the treatment of ALL and CLL.  
These treatments have been performed on leukemic cell lines; it would be therefore interesting to 
use these results as a model and perform the same experiments on patient samples. Particularly, it 
could be beneficial for a future potential study, to evaluate the combination of the drugs used in this 
work on human blood samples. Also, it could be interesting to obtain information on the difference 
in treatment response according to age and sex of the patients; this could potentially be incredibly 
useful for epidemiologic studies. It could also be interesting to test these drugs on samples of 
patients already resisting to treatment such as tyrosine kinase inhibitors, in order to potentially 
indicate a new treatment for patients in relapse.   
If this research could be started again, or there could be more time and money, it would be 
interesting to evaluate the expression of the proteins belonging to the signalling cascade that 
ultimately allows p53 to be released. Indeed, probing the cells with proteins such as JAK-STAT, NfκB, 
or analyse PI3 levels could improve immensely the knowledge of the apoptosis signalling, 
downstream or upstream p53 release. Starting again today would probably present the same 
difficulties and issues that arose during the past years of the research; however, as in many other 
fields, experience could play an important role. In fact, knowing in advance the issues that could 
happen or knowing the techniques to use, would save time and money and allow to have better and 
more results.  
Finally, the future perfect treatment for CML and AML is yet to be found. There is still not certainty 
on the causes of AML, in particular, and therefore finding a treatment that would improve life 
conditions and lead to a complete total remission for all patients is very challenging. However, there 
have been some improvements in the past decades; the dawning of the targeted therapy has 
immensely increased the chances of surviving CML and AML and improved life conditions, as a 
consequence. At the same time, CML and AML patients may develop resistance to what now has 
become ordinary targeted therapy. Researchers all over the world are currently hoping to 
understand how to overcome the relapse of patients and the mechanism of such resistance, to thus 
further targeting the reasons of not successful treatments. It is hoped that a work like this could help 
in the future doctors or pharmaceutical company to test these drugs on CML and AML patients at 
the concentrations showed on this thesis; ultimately, it could be potentially an alternative or maybe 
even more efficient treatment to finally defeat CML and AML and render these treatments 
accessible for all the patients who may need them.  
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APPENDIX A  
MATERIALS  
 
Table 1. List of equipment  
 
EQUIPMENT MANUFACTURER CATALOGUE NUMBER 
MSC-Advantage™ Class II 
Biological Safety Cabinet 
Thermo Fisher Scientific 
(Runcorn, UK) 
51025411 
EVOS auto FL microscope  Thermo Fisher Scientific 
(Runcorn, UK) 
AMAFD1000 
TC120 heated circulating water 
bath 
Grant Instruments (Royston, 
UK) 
TC120-P5 
EVOS XL core Thermo Fisher Scientific 
(Runcorn, UK) 
AMEX1000 
EVOS auto FL onstage 
incubator 
Thermo Fisher Scientific 
(Runcorn, UK) 
AMC1000 
Heraeus Multifuge x1 Thermo Fisher Scientific 
(Runcorn, UK) 
75004210 
Hermle Z323K refrigerated 
centrifuge 
VWR International 
(Lutterworth, UK) 
5210221 
Sigma A 1-14 micro centrifuge Sigma-Aldrich (Gillingham, UK)  12084 
Vortex mixer mini Thermo Fisher Scientific 
(Runcorn, UK) 
GBI-900-010E 
BD Accuri™ C6 flow cytometer BD Biosciences (Warrington, 
UK) 
 
Bio-Tek Synergy™ HT Multi-
Detection Microplate Reader  
Labtech International Ltd. 
(Heathfield, UK) 
SIAFR 
Microtitre plate shaker, 120 
VAC 
Stuart (Staffordshire, UK)  
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Table 2. List of consumables  
 
CONSUMABLES MANUFACTURER CATALOGUE NUMBER 
0.5 ml centrifuge tubes Starlabs (Manchester, UK) S1605-0000 
1.5 ml centrifuge tubes Starlabs (Manchester, UK) S1615-5500 
15 ml centrifuge tubes  SLS (Nottingham, UK) SLS8102 
50 mL centrifuge tubes  SLS (Nottingham, UK) SLS8106 
Tissue culture flask 25cm3 Fisher Scientific 
(Loughborough, UK) 
10568482 
Tissue culture flask 75cm3 Fisher Scientific 
(Loughborough, UK) 
10364131 
Microplate 96 well flat 
bottom, sterile with lid 
Fisher Scientific 
(Loughborough, UK) 
10687551 
Microplate 96 wells V-
bottomed, not sterile 
Fisher Scientific 
(Loughborough, UK) 
FB56424 
Adhesive plate seal Fisher Scientific 
(Loughborough, UK) 
11524794 
Coomassie (Bradford) Protein 
Assay Kit 
Fisher Scientific 
(Loughborough, UK) 
10270014  
 
Table 3. List of reagent and equipment used for cell culture and cell counting  
 
REAGENTS\EQUIPMENT MANUFACTURER CATALOGUE NUMBER 
Antibiotic antimycotic solution 
(100x), stabilized  
Sigma Aldrich (Gillingham, UK) A5955-100ML 
Fetal Bovine Serum  Fisher Scientific 
(Loughborough, UK) 
11573397 
RPMI 1640 with L-glutamine Lonza (Slough, UK) BE12-702F 
Tryphan blue solution Sigma-Aldrich (Gillingham, UK) T8154-100ML 
Bright-Line™ Haemocytometer Sigma-Aldrich (Gillingham, UK) Z359629 
U937 cell line  ATCC (Teddington, UK) CRL-1593.2 
K562 cell line  Sigma-Aldrich (Gillingham, UK) 89121407 
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Table 4. List of drugs used for treatment in this study 
 
DRUGS MANUFACTURER CATALOGUE NUMBER 
Bortezomib Selleck Chemicals (Munchen, 
Germany) 
S1013-SEL 
Pifithrin-µ Sigma-Aldrich (Gillingham, UK) P0122-5MG 
PES-CL Calbiochem (Nottingham, UK) 531067 
 
 
Table 5. List of antibodies used in this study   
 
ANTIBODIES MANUFACTURER CATALOGUE NUMBER 
Annexin V FITC  BD Pharmingen (Warrington, 
UK) 
556419 
PI staining solution FITC BD Pharmingen (Warrington, 
UK) 
51-66211E 
Anti-mouse\rat Bcl2 FITC Invitrogen (Runcorn, UK) 11-6992-42 
HSP70 antibody FITC Stressmarq (Kennett, UK) C92F3A-5 
 
 
Table 6. List of reagents used for flow-cytometry assays 
 
REAGENTS MANUFACTURER CATALOGUE NUMBER 
10x Annexin V Binding Buffer BD Pharmingen 51-66121E 
DPBS Dulbecco’s phosphate 
buffered saline without Ca2+ 
and MG2+ 
Lonza (Slough, UK) BE17-513f 
BD Cytofix/Cytoperm™ fixation 
and permeablization solution 
BD Biosciences (Warrington, 
UK) 
51-2090KZ 
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Table 2.1.7. List of reagents used for MTS assays  
 
REAGENTS MANUFACTURER CATALOGUE NUMBER 
Phenazine Ethosulphate (PES) Santa Cruz Biotechnologies 
(Wembley, UK) 
SC-215699 
CellTitre 96®Aqueous MTS 
Reagent Powder, 1g 
Promega (Southampton, UK) G1111 
 
 
